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Introduction générales 
ii 
Introduction générale.  
 
Les composés contenant l’azote, comme les amines, les énamines et les imines, ont une grande 
importance pour la chimie de base et pour l’industrie chimique1. Parmi les différentes voies de synthèse1, 
l’hydroamination, formation directe de la liaison C-N par l’addition d’une amine sur un double liaison CC, 
présente un intérêt particulier. Bien que la réaction soit thermodynamiquement possible dans les 
conditions normales (faiblement exothermique mais avec faible enthalpie libre en raison d’une entropie 
négative, particulièrement pour la version intermoléculaire)2,3, la barrière d’activation est très élevée1,4. La 
cycloaddition [2 + 2] de la liaison N-H sur la liaison CC est interdite par le contrôle des orbitales dans des 
conditions thermiques, mais peut être promue par la lumière5, par des électrons de faible énergie6 ou par 
la présence d’un catalyseur (parfois assistée par des micro-ondes7,8), ce qui ouvre l’accès à des chemins 
réactionnels alternatifs. Cependant, des températures de réaction relativement faibles (en général < 200-
300 ºC) sont nécessaires, car le facteur entropique commence alors à être dominant9. 
L’hydroamination des alcènes est plus difficile que celle des alcynes en raison de la faible réactivité 
et de la moindre densité électronique des liaisons C=C 10 . En particulier, l’hydroamination 
intermoléculaire des alcènes non-activés11 (CH2=CHR, R = H, Alk) constitue la réaction la plus difficile.1 
L’addition catalytique intermoléculaire anti-Markovnikov de R2N-H sur CH2=CHR’ a été considerée 
comme l'un des dix défis pour la Catalyse « Ten Challenges for Catalysis » 10.  
Un succès certain, bien que relativement limité, a été obtenu pour l’hydroamination 
intermoléculaire des oléfines non-activées par des amines de basicité différente aussi bien dans des 
conditions hétérogènes que homogènes1,12. Une grande variété de catalyseurs a été étudiée, parmi lesquels 
on peut citer les acides/bases de Bronsted et de Lewis, les métaux alcalins, les métaux de droite de la série 
de transition, les lanthanides1,13. Le grand intérêt porté à l’hydroamination par la communauté scientifique 
est justifié par la parution récente d’un grand nombre de revues, parmis lesquelles la revue la plus récente 
a été publiée en 2008 par Müller et Hultzsch12 qui décrit des exemples de catalyseurs concrets. Depuis 
lors, une revue spécifique concernant les métaux de transition et les acides de Bronsted14 est parue. A 
notre connaissance, aucun catalyseur basé sur les actinides n’a été trouvé pour l’hydroamination 
intermoléculaire des oléfines (tant activées que non-activées) et un seul exemple (utilisant le zirconium) a 
été décrit pour les métaux de gauche de la série de transition15. La catalyse hétérogène en général ne 
donne pas la séléctivitée souhaitée. D’autre part, les organolanthanides, qui donnent probablement les 
meilleurs résultats en termes d’activité16,17, sont très sensibles à l’air et à l’humidité. L'amélioration de 
l’hydroamination intermoléculaire des oléfines non-activées par les métaux de transition revêt donc un 
intérêt considerable. 
De nombreuses études ont été éffectuées sur l’hydroamination intermoléculaire des oléfines non-
activées avec des systèmes catalytiques à base de Fe18, Ru19,20,21, Rh22,23,24, Ir22,23, Pd25,26, , Pt27,28,29, Ag30 et 
Au31,32,33,.34 Le premier catalyseur à base de Pt pour l’hydroamination (de l’éthylène), constitué par un 
système PtBr2/nBu4PBr (excès), a été découvert dans notre équipe par J. J. Brunet (2004)27. L’étude de ce 
système catalytique a montré l’importance du pKa de l’amine utilisée (le nombre de cycles catalytiques ou 
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le rendement pour l’hydroamination augmente lorsque la basicité du substrat amine diminue). C’est l’un 
des meilleurs systèms catalytiques35 pour l’hydroamination de l’éthylène par l’aniline. 
Le but de ce travail était de comprendre le mécanisme de cette catalyse et le rôle de chaque 
constituant par des études expérimentales et théoriques (calculs de chimie quantique). Comme nous le 
verrons, ces études nous ont permis d’aboutir à quelques conclusions importantes. La compréhension du 
rôle réel du nBu4PBr nous a permis de mettre au point un nouveau système catalytique d’hydroamination 
dans l’eau. La mise en évidence de l’étape clé de cette catalyse et de l’intermédiaire clé nous ont permis 
de modifier les conditions réactionnelles afin de réaliser l’hydroamination de l’éthylène par une amine 
plus basique, la diéthylamine. Enfin, l’analyse approfondie des publications et brevets sur ce thème nous 
a conduits à tester un nouveau système catalytique basé sur l’association PtBr2/nBu4PBr/PPh3 qui permet 
d’optimiser la catalyse tandem de l’hydroamination/cyclisation de l’aniline avec la formation de la 
quinaldine (fermeture de l’azacycle à six chaînons dans la position ortho du groupe –NH2),  
transformation puissante et prometteuse qui pourrait permettre de synthétiser un grand nombre de 
composés organiques contenant un cycle pyridinique attaché au fragment contenant initialement la groupe 
–NH2. 
La présentation de ce manuscrit est semi-classique. La première partie (Chapitre 1) consistera en un 
rappel bibliographique de l’état de l’art sur les réactions d’hydroamination intermoléculaire des oléfines 
non-activées utilisant le Pt, l’examen des mécanismes généraux d’hydroamination avec particulièrement 
les mécanismes de la catalyse basée sur le Pt et l’examen détaillé du système de Brunet. D’autres rappels 
bibliographiques importants seront présentés et discutés dans les sections correspondantes. La seconde 
partie concernera la description de notre travail (Chapitres 2-9), et sera présentée en anglais sous la forme 
correspondant partiellement aux articles déjà publiés (ou en préparation), partiellement réorganisée 
toutefois afin de garder la logique d’organisation du travail de thèse. Elle comprendra : 1) la synthèse et 
les études expérimentales des composés potentiellement impliqués comme intermédiaires et comme 
espèces « off-loop » du cycle catalytique d’hydroamination de l’éthylène par l’aniline en présence de 
PtBr2/nBu4PBr (système de Brunet) ; 2) les études théoriques de ces intermédiaires par la théorie de la 
fonctionnelle de la densité avec l’inclusion des effets du solvant qui seront traités par trois modèles 
différents ; 3) les études théoriques des intermédiaires à haute énergie et du cycle catalytique complet ; 4) 
la proposition d’un nouveau système catalytique d’hydroamination de l’éthylène par l’aniline dans l’eau ; 
5) le potentiel d’un nouveau système catalytique, obtenu par addition d’un équivalent de PPh3, permettant 
d’optimiser la catalyse tandem d’hydroamination/cyclisation de l’aniline avec formation de quinaldine ; 
6) la synthèse et les études expérimentales de la réactivité du complexe modèle trans-PtBr2(C2H4)(HNEt2) 
vis-à-vis de la diéthylamine ; 7) l’hydroamination de l’éthylène par la diéthylamine avec une catalyse au 
platine. Enfin, un dernier chapitre présentera une analyse approfondie du couplage vibrationnel des modes 
de vibration de symétrie A1 ν(C=C) et δs(CH2) de l’éthylène coordinné ainsi que celui d’autres modes 
vibrationnels concernant les liaisons Pt-halogène (contribution séparée de spectroscopie vibrationnelle 
fondamentale). Enfin, après les conclusions générales et les perspectives ouvertes par notre travail, les 
parties supplémentaires de chaque chapitre (Chapitre 2-9), seront présentées en annexe. 
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1.1 Réactions d’hydroamination intermoléculaire des oléfines non-activées catalysées par le Pt. 
Choix du système étudié.  
 
Comme il a été déjà mentionné dans l’introduction générale, l’hydroamination suscite actuellement 
un grand interêt au sein de la communauté scientifique, comme montré par la parution récente d’un grand 
nombre de revues.1-11 De nombreux métaux de droite de la série de transition ont été étudiés pour 
l’hydroamination intermoléculaire des oléfines non-activées, la transformation la plus difficile à effectuer. 
Parmi ceux-ci, le platine mérite une attention particulière. Ce chapitre bibliographique est limité 
strictement à l’utilisation de ce métal. Au cours des six dernières années, un certain nombre d’articles ont 
été consacrés à l’hydroamination catalytique intermoléculaire d’oléfines non-activées catalysée par des 
systèmes à base de complexes du platine. Parmi les diférents systèmes décrits, il est intéressant de citer le 
premier catalyseur au platine constitué d’un mélange PtBr2 et d’un excès de nBu4PBr (1). Ce système, mis 
au point dans notre équipe sous la diretion de J. J. Brunet, est actif en conditions homogènes pour 
l’hydroamination de l’éthylène12 ou du 1-hexène13 par diverses anilines. D’autres systèmes catalytiques 
moins actifs ont été décrits tels que : 
- le système [PtCl2(H2C=CH2)]2/PPh3 (ratio 1/2) (2) pour l’addition de carboxamides à l’éthylène14 
ou au 1-propène14 ; 
- le complexe (COD)Pt(OTf)2 (3), actif pour l’addition de sulfamides au 2-butène, au 1-propène, au 
cyclopentène et au cyclohexène.15  
Il est à noter que toutes les amines utilisées ont une basicité faible (sulfamides, carboxamides et 
anilines ont un pKa supérieurs à 5.34) et toutes les tentatives pour d’hydroamination avec des amines plus 
basiques ont échoué. Par exemple, le système catalytique (2) ne permet pas l’hydroamination de 
l'éthylène par des dialkylamines et le complexe (3) est inactif avec l’aniline.  
 
Tableau 1 . Influence de la basicité de l’amine sur le rendement de l’hydroamination d’oléfines 
catalyseur Substrat (oléfine) T(°C) t(h) pKa.acid conja TON Ref. 
PtBr2/nBu4PBrb (1) 4-MeO-C6H4-NH2 (C2H4) 150 10 5.21 (5.34) 22 12 
PtBr2/nBu4PBrb (1) 4-Me-C6H4-NH2 (C2H4) 150 10 5.04 (5.08) 55 12 
[PtCl2(H2C=CH2)]2/2eq PPh3c (2) 2-Me-C6H4CONH2 (C2H4) 120 72 -1.33 15 14 
[PtCl2(H2C=CH2)]2/2eq PPh3c (2) 1-naphCONH2 (C2H4) 120 72 -1.54 18 14 
(COD)Pt(OTf)2d (3) p-NO2-C6H4-NH2 
(norbornène) 
90 16 1.01 (1.0) 3.5 15 
(COD)Pt(OTf)2d (3) C6F5NH2 (norbornène) 80 2 -0.16 (0.3) 10 15 
aCalculé par logiciel ACDLABS (http://www.acdlabs.com/ilab/), entre parenthèses les valeurs 
expérimentales. b0.3 mol % cat, 25 bar de C2H4, Ar. cDans le dioxane (5 mol % cat), 3.5 bar de C2H4. 
dDans le 1,2-dichlorométhane (10 mol % cat), Ar; (COD)Pt(OTf)2 est très sensible à l’eau. 
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Pour chaque système catalytique, il existe un seuil de pKa pour l’acide conjugué de l’amine, au-
dessus duquel aucune activité n’est observée: le nombre de cycles catalytiques (ou le rendement) pour 
l’hydroamination augmente lorsque la basicité de l’amine utilisée diminue (Tableau 1). 
Ainsi, il est évident que le système catalytique (1) est le plus simple, le plus robuste et le plus actif 
car même si la température de réaction est plus élevée, de bonnes conversions sont obtenues avec une très 
faible quantité de catalyseur, donnant lieu au nombre de cycles (TON de l’anglais « turnover number ») le 
plus élevé. Ce système a été partiellement inspiré par une étude théorique réalisée par la méthode de la 
fonctionnelle de la densité (DFT) portant sur l’hydroamination d’éthylène par l’ammoniac catalysée par 
des complexes modèles de formule générale [MCl(PH3)(C2H4)]z+, M étant un métal de transition du 
Groupe 9 (z = 0) ou 10 (z = 1).16 L’étude, qui a exploré uniquement le mécanisme impliquant l’activation 
de l’éthylène, a identifié les complexes du nickel comme étant les plus prometteurs parmi les métaux du 
groupe 10. En revanche, le système basé sur PtII s’est révélé expérimentalement comme étant le plus 
efficace12. En outre, parmi les couples PtX2/nBu4PX (excès) (X = Cl, Br, I) étudiés pour l’hydroamination 
de l’éthylène par l’aniline les meilleurs résultats ont été obtenus pour X = Br, avec donc le système 
catalytique (1).17, 18 C’est à partir de ces résultats que nous nous sommes intéréssés à ce système. Notre 
premier objectif a été d’étudier le mécanisme de cette catalyse et notamment de comprendre le rôle de 
nBu4PBr ainsi que l’effet de la basicité de l’amine. Pour cela, des études expérimentales et théoriques ont 
été effectuées. 
 
 
1.2 Mécanismes généraux de l’hydroamination. 
 
Deux mécanismes généraux pour l’hydroamination d’oléfines par les métaux de transition de la 
droite de la classification sont discutés dans la bibliographie,19-21 Schéma 1. L’un des mécanismes propose 
que la réaction débute par l’activation de l’amine (schéma 1a), alors que l’autre mécanisme implique en 
premier lieu l’activation de l’oléfine (schéma 1b).  
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(a) (b)  
 Schéma 1. Addition catalytique de la liaison N-H sur C=C via l’activation N-H (a), ou via l’activation 
C=C (b). 
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Dans le premier cas (1a), l’amine réagit avec le métal par addition oxydante de la liaison N-H, 
suivie par la coordination de l’oléfine. L’insertion consécutive conduit au complexe 2-
amminoalkyle(hydrure) LnM(H)-CH2CH2-NRR’, à partir duquel l’élimination réductrice conduit à 
l’amine alkylée. Dans le deuxième cas (1b) l’oléfine se coordine sur le métal, ce qui l’active vis-à-vis de 
l’addition nucléophile par un réactif externe. L’addition de l’amine sur cette oléfine activée conduit au 
complexe zwitterionique LnM(-)-CH2CH2-N(+)HRR’. Le produit final CH3CH2NRR’ peut se former soit 
via le transfert intramoléculaire du proton directement du groupe -N(+)HRR’ sur l’atome de carbone de la 
fonction M(-)-CH2-, soit, si le métal est riche en d-électrons, via le complexe 2-ammonioalkyle LnM(H)-
CH2CH2-NRR’ engendré par transfert du même proton au centre métallique, suivi d’une élimination 
réductrice. Ces deux mécanismes représentent probablement le cas général, car d’autres variantes de 
chaque voie sont aussi discutées. Par exemple, dans une revue récente,19 consacrée notamment aux 
complexes du platine, les auteurs discutent une variation du mécanisme d’activation N-H (Schéma 2a). 
Cette nouvelle voie suppose la coordination du nucléophile associée à la déprotonation de la liaison N-H 
(soit par l’excès d’amine elle-même, soit par une base ajoutée). Le produit final CH3CH2NRR’ se forme 
par protonation de la liaison Pt-C du complexe LnPt-CH2CH2-NRR’. Ce mécanisme semblerait favorisé 
pour les métaux fortement électropositifs.21 Si l’amine elle-même joue le rôle de base dans cette 
transformation, ce mécanisme suppose la participation d’une deuxième molécule d’amine dans le cycle 
catalytique (pour la protonation de la liaison Pt-C par l’ammonium). 
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Schéma 2. Variantes de l’addition catalytique de la liaison N-H sur C=C via l’activation N-H (a) ou via 
l’activation C=C (b). 
 
La participation d’une deuxième molécule d’amine est aussi parfois proposée dans les cycles 
catalytiques basés sur l’activation de l’éthylène (Schéma 2b). Le complexe zwitterionique LnM(-)-
CH2CH2-N(+)HRR’ peut donner directement le produit d’hydroamination avec la participation de la 
deuxième molécule de l’amine qui joue un rôle de « navette de protons » probablement par un mécanisme 
concerté.16. Comme le complexe zwitterionique LnM(-)-CH2CH2-N(+)HRR’ peut être déprotoné par une 
deuxième molécule d’amine, le transfert de proton de l’atome d’azote à l’atome de carbone peux avoir 
lieu de manière intermoléculaire en deux étapes, via un intermédiaire aminoalkyle dont la liaison M-C est 
protonée par un ion ammonium externe pour donner finalement le produit d’hydroamination3, 10. Notons 
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que les étapes d’activation des deux mécanismes (appelés dans la bibliographie « activation d’amine » ou 
« activation d’oléfine ») ne sont pas nécessairement les étapes cinétiquement détérminantes et donnent 
uniquement l’ordre dans lequel les deux substrats interagissent avec le centre catalytique.  
Un certain nombre d'études théoriques et expérimentales couvrant plusieurs des étapes élémentaires 
impliquées dans les cycles catalytiques (voir Schéma 1, Schéma 2) sont bien décrites dans la thèse de 
Senn.20 Les intermédiaires supposés des différents mécanismes tels que le complexe zwitterionique LnM(-
)-CH2CH2-N(+)HRR’ et le complexe 2-ammonioalkyle(hydrure) LnM(H)-CH2CH2-NRR’ ont pu être 
caractérisés par diffraction des rayons-X pour différents complexes modèles, à savoir (trans-Pt(-
)Cl2(Et2NH)CH2CH2N(+)HEt222 et (Ir(PEt3)2(NHPhC7H10)(H)Cl).23 Depuis 2001, certaines études 
théoriques ont été consacrées aux étapes élémentaires de ces mécanismes. Les travaux récents de 
Hartwig24 peuvent être cités. Toutefois, le travail de Senn16 représente, à notre connaissance, la première 
étude théorique visant à l'exploration et l'élucidation du cycle catalytique complet pour l’hydroamination 
catalytique dans des conditions homogènes et basée sur le mécanisme via l’activation l’oléfine.  
Les conclusions les plus importantes de cet étude, réalisée sur des complexes modèles 
[MCl(PH3)2(C2H4)]z+/NH3 du Groupe 9 (z = 0) et 10 (z = 1) sont16 :  
(i) l’attaque nucléophile de l'amine sur l'éthylène coordinné est thermodynamiquement et 
cinétiquement favorable pour les métaux du groupe 10, mais fortement défavorisée pour 
ceux du groupe 9 pour lesquels elle constitue l'étape cinétiquement déterminante;  
(ii) L’étape d’élimination du produit final à partir de l’intermédiaire zwitterionique est 
cinétiquement déterminante pour les systèmes du groupe 10, mais facile pour ceux du 
groupe 9. Pour les métaux du groupe 10, l’élimination résulte de la protonolyse de la 
liaison métal-carbone, impliquant un état de transition M-(µ-H)-C avec une molécule 
d'ammoniac supplémentaire, jouant le rôle de « navette » de proton ; 
(iii) Pour les systèmes du groupe 9, la protonation intramoléculaire a lieu sur l’atome 
métallique et conduit à un intermédiaire hydrure, objet de l’élimination réductrice.  
Les études du mécanisme d’activation N-H pour le même système [MCl(PH3)2(C2H4)]z+/NH3 ont 
été effectuées uniquement pour M = Ir (z = 0),20 pour lequel l’activation N-H est plus favorable que 
l’activation l’éthylène. D'autre part, Tsipis et Kefalidis, utilisant le complexe modèle 
HPt(NH2)(C2H4)(PH3), n’ont exploré25 que la voie d'activation de l’amine, montrant que la réaction était 
limitée par l'étape d’élimination réductrice du produit final à partir de l’intermédiaire amido hydrure PtII 
(avec une barrière de 39.7 kcal mol-1). Nous discuterons les détails de ces deux mécanismes, y compris 
ceux des voies alternatives et des réactions parasites dans les chapitres 2, 3 et 4. 
 
1.3 Système catalytique PtBr2/nBu4PBr. 
 
L’hydroamination de l’éthylène par l’aniline en présence de PtBr2 (0.3%) et nBu4PBr (150 
équivalents) conduit à la formation de trois produits : N-éthylaniline, N,N-diéthylaniline, 2-
méthylquinoléine (quinaldine), voir Schéma 3.12  
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Schéma 3. L’hydroamination d’éthylène par l’aniline12 
 
Le premier article12 est consacré à l’optimisation des conditions (temps, température, pression 
d’éthylène) et conduisant à un TON = 80 pour le produit principal (ce qui correspond à un rendement de 
23%). C’est apparemment le meilleur résultat18 obtenu jusqu’alors pour l’hydroamination de l’éthylène 
par l’aniline. La valeur du TON global augmente en présence de 3 équivalents de TfOH et de décane 
jusqu’à 140 (les valeurs du TON pour la N,N-diéthylaniline et la 2-méthylquinoléine augmentent d’un 
facteur deux). Comme observé dans ce travail18, la meilleure activité (TON = 130 pour la N-éthylaniline) 
a lieu avec seulement 10 équivalents de nBu4PBr. Ceci montre aussi que l’excès de nBu4PBr est 
indésirable. L’étude initiale avait envisagé l’utilisation d’un plus grand excès, de telle manière que le 
milieu réactionnel était constitué en majorité par le sel (liquide ionique).  
Le mécanisme proposé12 pour ce système suppose la formation du complexe [PtBr4]2- (1) à partir de 
PtBr2 en présence de bromures (Schéma 4). La substitution d’un ligand Br- par l’éthylène conduit au 
complexe 2. Le complexe 8 se forme soit par l’attaque nucléophile de l’aniline sur le complexe 2 soit via 
les complexes 4 et 6. Le produit final CH3CH2NHAr (Ar = C6H5) peut se former soit via le transfert 
intramoléculaire direct du proton, soit via le complexe 2-ammonioalkyle(hydrure) LnM(H)-CH2CH2-
NRR’ par une élimination réductrice. 
 
+CH2=CH2
-Br-
+ArNH2
-Br-
[PtBr4]2-
+ArNH2
[(ArNH2)PtBr2CH2CH2-NH2Ar]
+ArNH2
ArNHCH2CH3
H
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-ArNH2
[PtBr2] + 2 Br-
[PtBr3]- + Br-
[PtBr3(C2H4)]-
[PtBr3CH2CH2-NH2Ar]-
[PtBr3CH2CH2-NHAr]-
[PtBr2(ArNH2)(C2H4)]
1
2
4
9
8
6  
Schéma 4. Mécanisme proposé pour l’hydroamination d’éthylène par l’aniline. 
      
Le premier objectif de cette thèse a été de synthétiser et d’isoler tous les complexes de platine 
accessibles afin d’en étudier expérimentalement les équilibres en solution et ainsi de valider ou d’infirmer 
au moins une partie du mécanisme proposé dans le Schéma 4.  
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Alors que la formation de la N,N-diéthylaniline peut être expliquée à partir du Schéma 4, la 
formation de la 2-méthylquinoléine est plus difficile à rationaliser. Des propositions de mécanisme de 
formation de quinoléines ont été présentées par Brunet et al. lors d’une étude de la réaction de l’aniline 
avec l’hexène en présence de nBu3N,26 mais ce mécanisme n’est pas généralisable à l’hydroamination de 
l’éthylène par l’aniline. Cette transformation et son mécanisme seront à nouveau examinés dans le 
Chapitre 6. 
 
References 
 
1 Müller, T. E.; Beller, M., Chem. Rev. 1998, 98, 675-703. 
2 Beller, M.; Breindl, C.; Eichberger, M.; Hartung, C. G.; Seayad, J.; Thiel, O. R.; Tillack, 
A.; Trauthwein, H., Synlett 2002, 1579-1594. 
3 Bytschkov, I.; Doye, S., Eur. J. Org. Chem. 2003, 935-946. 
4 Roesky, P. W.; Muller, T. E., Angew. Chem., Int. Ed. Engl. 2003, 42, 2708-2710. 
5 Hartwig, J. F., Pure Appl. Chem. 2004, 76, 507-516. 
6 Beller, M.; Seayad, J.; Tillack, A.; Jiao, H., Angew. Chem., Int. Ed. Engl. 2004, 43, 3368-
3398. 
7 Aillaud, I.; Collin, J.; Hannedouche, J.; Schulz, E., Dalton Trans. 2007, 5105-5118. 
8 Widenhoefer, R. A.; Han, X. Q., Eur. J. Org. Chem. 2006, 4555-4563. 
9 Hii, K. K., Pure Appl. Chem. 2006, 78, 341-349. 
10 Müller, T. E.; Hultzsch, K. C.; Yus, M.; Foubelo, F.; Tada, M., Chem. Rev. 2008, 108, 
3795-3892. 
11 Taylor, J. G.; Adrio, L. A.; Hii, K. K., Dalton Trans. 39, 1171-1175. 
12 Brunet, J. J.; Cadena, M.; Chu, N. C.; Diallo, O.; Jacob, K.; Mothes, E., Organometallics 
2004, 23, 1264-1268. 
13 Brunet, J. J.; Chu, N. C.; Diallo, O., Organometallics 2005, 24, 3104-3110. 
14 Wang, X.; Widenhoefer, R. A., Organometallics 2004, 23, 1649-1651. 
15 Karshtedt, D.; Bell, A. T.; Tilley, T. D., J. Am. Chem. Soc. 2005, 127, 12640-12646. 
16 Senn, H. M.; Blochl, P. E.; Togni, A., J. Am. Chem. Soc. 2000, 122, 4098-4107. 
17 Brunet, J. J.; Chu, N. C.; Diallo, O.; Mothes, E., J. Mol. Catal. A 2003, 198, 107-110. 
18 Brunet, J.-J.; Chu, N.-C.; Rodriguez-Zubiri, M., Eur. J. Inorg. Chem. 2007, 4711-4722. 
19 Chianese, A. R.; Lee, S. J.; Gagne, M. R., Angew. Chem., Int. Ed. Engl. 2007, 46, 4042-
4059. 
20 Senn, H. M. Transition-metal-catalysed hydroamination of alkenes: theoretical studies 
using ab initio molecular dynamics. Ph.D. Thesis, Swiss Federal Institute of Technology, 
Zurich, 2001. 
21 Taube, R., Applied Homogeneous Catalysis with Organometallic Complexes. ed.; VCH: 
Weinheim, 1996; 'Vol.' 2, p 507-521. 
22 Benedetti, E.; De Renzi, A.; Paiaro, G.; Panunzi, A.; Pedone, C., Gazz. Chim. Ital. 1972, 
102, 744-754. 
23 Casalnuovo, A. L.; Calabrese, J. C.; Milstein, D., J. Am. Chem. Soc. 1988, 110, 6738-
6744. 
24 Zhou, J.; Hartwig, J. F., J. Am. Chem. Soc. 2008, 130, 12220-12221. 
25 Tsipis, C. A.; Kefalidis, C. E., J. Organomet. Chem. 2007, 692, 5245-5255. 
26 Anguille, S.; Brunet, J.-J.; Chu, N. C.; Diallo, O.; Pages, C.; Vincendeau, S., 
Organometallics 2006, 25, 2943-2948  
 
 
 
    
 
 
 
 
Chapitre 2 
Synthèse, caractérisation et études expérimentales et théoriques des 
intermédiaires « off-loop » du cycle catalytique de l’hydroamination de l’éthylène 
par l’aniline catalysée par PtBr2/Br-. 
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Résumé du Chapitre 2 
 
Les complexes (nBu4P)2[PtBr4] (1), nBu4P[PtBr3(C2H4)] (2), nBu4P[PtBr3(PhNH2)] (3), trans-
[PtBr2(C2H4)(PhNH2)] (4), cis-[PtBr2(C2H4)(PhNH2)] (5), et cis-[PtBr2(PhNH2)2] (6) ont été 
synthèthisés par des procédures “one-pot” efficaces à partir de K2PtCl4 ou de 
K[PtCl3(C2H4)]·H2O (sel de Zeise). Tous ces complexes ont été entièrement caractérisés par 
microanalyse (C, H, N), par spectrométrie RMN multinucléaire (1H, 13C, 195Pt), par 
spectroscopie UV-visible et par diffraction des rayons X. Le composé 1 perd lentement Br- en 
solution pour fournir (nBu4P)2[Pt2Br6] (1’), qui a également été caractérisé par diffraction des 
rayons X. La stabilité relative des différents composés a été étudiée expérimentalement par RMN 
dans plusieurs solvants et théoriquement par l’optimisation de la géométrie en phase gazeuse 
suivie par un calcul C-PCM des effets de solvatation dans l'aniline et dans le dichlorométhane. 
Les calculs ont également concerné les complexes bis(éthylène) [PtBr2(C2H4)2] dans les 
configurations trans (deux conformations différentes 7 et 7') et cis (8). Les études 
expérimentales en solution n'ont donné aucune indication de la formation d'un produit d’attaque 
nucléophile de l'aniline sur l'éthylène coordonné dans des conditions douces (T jusqu'à 68° C), 
fixant à 29 kcal mol-1 la limite inférieure pour la barrière d'activation de ce processus. Par 
conséquent, les énergies relatives calculées pour les autres composés suggèrent que tous les 
complexes contenant l'éthylène (2, 4, 5, 7 et 8) sont des candidats possibles pour l'étape 
d'addition nucléophile clé de l’hydroamination de l'éthylène par l'aniline catalysé par PtBr2/Br-. 
L’utilisation des complexes isolés 2, 4 ou 5 en combinaison avec nBu4Br en tant que 
précatalyseurs pour l’hydroamination de l’éthylène par l’aniline conduit à des activités 
catalytiques similaires.      
 
Abstract of Chapter 2. 
 
Starting from either K2PtCl4 or K[PtCl3(C2H4)]·H2O (Zeise’s salt), complexes (nBu4P)2[PtBr4] 
(1), nBu4P[PtBr3(C2H4)] (2), nBu4P[PtBr3(PhNH2)] (3), trans-[PtBr2(C2H4)(PhNH2)] (4), cis-
[PtBr2(C2H4)(PhNH2)] (5), and cis-[PtBr2(PhNH2)2] (6) have been obtained by efficient one-pot 
procedures. All have been fully characterized by microanalysis (C, H, N), multinuclear NMR 
spectrometry (1H, 13C, 195Pt), UV-visible spectroscopy, and single crystal X-ray diffraction.  
Compound 1 slowly loses Br- in solution to yield (nBu4P)2[Pt2Br6] (1’), which has also been 
characterized crystallographically. The relative stability of the various compounds has been 
probed experimentally by NMR studies in several solvents and computationally by gas phase 
geometry optimizations followed by C-PCM calculations of the solvation effects in 
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dichloromethane and aniline. The calculations also included the bis(ethylene) complexes 
[PtBr2(C2H4)2] in the trans (two different conformations 7 and 7’) and cis (8) configurations.  
The solution experiments gave no evidence for a nucleophilic attack of aniline onto coordinated 
ethylene under mild conditions (T up to 68°C), setting a lower limit of 29 kcal mol-1 for the 
activation barrier of this process. Therefore, the relative energies computed for the other 
compounds suggest that all ethylene-containing complexes (2, 4, 5, 7 and 8) are viable 
candidates for the key nucleophilic addition step of the PtBr2-catalyzed ethylene hydroamination 
by aniline. Use of the isolated complexes 2, 4 or 5 in combination with nBu4Br as precatalysts 
for the ethylene hydroamination by aniline yields similar catalytic activities. 
 
 
Graphical Abstract of Chapter 2. 
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Introduction 
 
The catalytic hydroamination of non-activated olefins using the combination of air-stable PtII or 
PtIV halo-salts and phosphonium halides, nBu4PX has recently been described.1-4 These are amongst the 
most performing systems ever reported for the hydroamination of ethylene by weakly basic amines such 
as aniline and 2-chloroaniline (TON > 150 after 10 h at 150°C, 0.1 mol % of PtBr2 and 150 equiv of 
nBu4PBr for the aniline addition to ethylene).3 In addition, they allow the hydroamination of higher 
olefins such as hexene-1 with a high regioselectivity (95% Markovnikov).4 The catalytic cycle that has 
been proposed for this system (see Scheme 1)3 involves [PtBr4]2-, which is then transformed into 
[PtBr3(C2H4)]- by a substitution reaction with ethylene. Subsequent reaction with aniline gives 
[PtBr2(ArNH2)(C2H4)] (Ar = Ph or o-C6H4Cl), which is expected to be more active (more electrophilic) 
towards nucleophilic attack by aniline on the coordinated ethylene. Nucleophilic attack in complex 
[PtBr2(ArNH2)(C2H4)] or [PtBr3(C2H4)]- then leads to [ArNH2-CH2-CH2-PtBr3]-, which ultimately evolves 
to the final product either by direct proton migration from N to C (possibly assisted by an external proton 
shuttle such as a second aniline molecule), or via the PtIV hydrido-complex [ArNH-CH2-CH2-PtHBr3]-, 
followed by reductive elimination, as was recently suggested by a DFT-study, performed however on 
different models ([PtCl(PH3)2(C2H4)]+ and NH3).5 A related catalytic cycle based on olefin activation, 
rather than N-H bond activation, has also been proposed for the intermolecular hydroamination of 
unactivated olefins with carboxamides catalyzed by related PtII catalysts.6 The spectacular rate 
enhancement induced by the large Br- concentration2 is probably related to the high negative charge on 
the Pt atom in intermediate [ArNH2-CH2-CH2-PtBr3]-, promoting the intramolecular proton transfer. 
 
+CH2=CH2
-Br-
+ArNH2
-Br-
[PtBr4]2-
+ArNH2
[(ArNH2)PtBr2CH2CH2-NH2Ar]
+ArNH2
ArNHCH2CH3
H
+Br-
-ArNH2
[PtBr2]  +  2 Br-
[PtBr3]-  +  Br-
[PtBr3(C2H4)]-
[PtBr3CH2CH2-NH2Ar]-
[PtBr3CH2CH2-NHAr]-
[PtBr2(ArNH2)(C2H4)]
1
2
4
9
8
6  
Scheme 1. Proposed3 “productive” mechanism for the hydroamination of ethylene by aniline. 
 
Although this is so far the most efficient system for the intermolecular hydroamination of non-
activated olefins, its performance is still largely insufficient for application to industrial scale production. 
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A possible further improvement requires the thorough understanding of the catalytic cycle. Thus, we set 
out to carry out experimental and computational investigations aimed at elucidating the catalytic cycle 
and at identifying the nature and energetics of the rate determining step. To this aim, we have isolated and 
investigated as many of the proposed intermediates as possible, and analysed all the proposed steps. The 
results obtained from this investigation are organized in three separate chapters (Chapter 2, Chapter 3, 
Chapter 4). The present Chapter reports the isolation and characterization of all species that participate in 
the low-energy portion of the catalytic cycle, as well as experimental and computational studies (only 
anionic part of the complexes will be treated here) of the equilibria in which these complexes are involved. 
The second Chapter (Chapter 3) reports a DFT/B3LYP study of the effect of the explicit inclusion of the 
Me4P+ cation (as a model of nBu4P+) on the calculation of solution equilibria involving anionic PtII 
complexes as well as three different approaches to represent the energy in solution. The third Chapter 
(Chapter 4) will report the computational investigation of the high-energy part of the catalytic cycle.  
As will be shown in the present contribution, compound [PtBr2(PhNH2)(C2H4)] is obtained 
stereoselectively in the trans geometry by the reaction sequence of Scheme 1.  Our synthetic work has 
also led to the isolation of the new complexes [PtBr3(PhNH2)]- and cis-[PtBr2(PhNH2)(C2H4)], not 
included in Scheme 1, and to their consideration as intermediates of alternative pathways. For 
completeness, we have also synthesized and investigated compound cis-[PtBr2(PhNH2)2]. Though a few 
of these complexes have already been reported in the literature, all have been obtained by new and more 
efficient (one-pot) high-yield syntheses starting from the commercially available Pt-precursors K2PtCl4 
and K[PtCl3(C2H4)]·H2O (Zeise’s salt).  Full characterization, namely by multinuclear NMR (1H, 13C, 
195Pt) and UV spectroscopies, and by X-ray diffraction is provided for all these complexes.  The present 
Chapter contributes to the understanding of the hydroamination catalytic mechanism by highlighting the 
presence of previously unsuspected species in the catalytic mixture and to establish the need of their 
consideration as potential catalytic intermediates.   
 
Results  
 
(a) Syntheses and characterization 
The synthetic work carried out along this study is summarized in Scheme 2. Potassium 
tetrachloroplatinate(II) is a less expensive source of platinum than the analogous Br-containing complex 
and does not suffer from potential contamination,7 while it can be quantitatively converted to the all-Br 
analogue under optimized conditions. Thus, this compound was the starting material of choice for our 
synthetic studies.  However, a few synthetic procedures were also carried out from the commercially 
available Zeise’s salt. 
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Br NH2
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Pt
H2N
Br
Br
Pt
Br
Br NH2
KBr
C2H4
C2H4
Zeise's salt
nBu4PBr
(nBu4P)2
1
K2[PtCl4] K2[PtBr4]
K[PtCl3(C2H4)]
nBu4PBr
Chojnacki's salt
K[PtBr3(C2H4)]
(nBu4P)
2
4
5nBu4PBr
K[PtBr3(NH2Ph)]
(nBu4P)
3
PhNH2
PhNH2
KBr
nBu4PCl
Pt
Cl
Cl
Cl
(nBu4P)
2-Cl
Ph
Pt
Br
Br NH2
NH2
6 Ph
PhNH2
 
Scheme 2.  Synthesis of bromoplatinum(II) complexes in “one-pot” procedures from K2PtCl4 or Zeise’s 
salt.  
 
Table 1. Physical and microanalytical data 
    anal., %a  
cmpd color mp, °C C H N 
(nBu4P)2[PtBr4] (1) brown-red 120-121 37.57 (37.18) 7.17 (7.04)  
(nBu4P)[PtBr3(C2H4)] (2) yellow 108 29.82 (29.93) 5.48 (5.59)  
(nBu4P)[PtCl3(C2H4)] (2-Cl) lemon 75 37.07 (36.71) 6.79 (6.86)  
(nBu4P)[PtBr3(PhNH2)] (3) red 124 33.62 (33.56) 5.64 (5.52) 1.55 (1.78) 
trans-PtBr2(PhNH2)(C2H4) (4) yellow 100 (dec) 20.25 (20.18) 2.24 (2.33) 2.94 (2.94) 
cis-PtBr2(PhNH2)(C2H4) (5) lemon 120 (dec) 19.68 (20.18) 1.71 (2.33) 2.86 (2.94) 
cis-PtBr2(PhNH2)2 (6) greenish 255 (dec) 26.45 (26.63) 2.35 (2.61) 4.99 (5.18) 
aCalculated values in parentheses. 
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Table 2.  195Pt, 1H and 13C{1H} NMR data at 25 °C for the complexes synthesized in this study, together with those of free ethylene for comparison.a  
Cmpd 195Pt 1H 13C{1H} 
C2H4  5.44 122.8 
PhNH2  7.17 (m, 2H, m-Ph), 6.75 (m, 1H, p-Ph), 6.70 (m, 2H, 
o-NH2) 3.70 (s, 2H, NH2) 
146.8 (i-C), 129.2 (m-C), 118.1 (p-C), 
114.8 (o-C) 
nBu4PBrb  2.72 (m, 2H, PCH2), 1.63 (m, 4H, PCH2(CH2)2), 1.01 
(m, 3H, P(CH2)3CH3) 
23.9 (d, 3JC-P = 15 Hz, CC), 23.7 (d, 
2JC-P = 5 Hz, CB), 19.1 (d, 1JC-P = 
47.5 Hz, CA), 13.3 (s, CD) 
(nBu4P)2[PtBr4] (1) -2528 (bs, ∆δ1/2 = 98)   
(nBu4P)[PtBr3(C2H4)] (2) -3429 (quint, 2JPt-H = 65) 4.59 (s+d 1:10:1, 2JH-Pt = 65) 67.3 (s + d, 1JC-Pt = 176.4) 
(nBu4P)[PtCl3(C2H4)] (2-Cl) -2743 (quint, 2JPt-H = 65) 4.63 (s+d 1:10:1,2JH-Pt = 65) 68.0 (s + d, 1JC-Pt = 191.8) 
(nBu4P)[PtBr3(PhNH2)] (3) -2422 (bs, ∆δ1/2 = 250) 5.64 (s+d 1:10:1, 2H, 2JH-Pt = 72, C6H5NH2), 
7.17-7.59 (m, 5H, C6H5NH2) 
122.2 (o-C), 125.5 (p-C), 128.9 (m-C), 
141.0 (i-C) 
trans-PtBr2(C2H4)(PhNH2) (4)c -3525 (bs, ∆δ1/2 = 240) 4.82 (s+d 1:10:1, 4H, 2JH-Pt = 65, C2H4), 
6.23 (br, ∆δ1/2 = 26, 2H, C6H5NH2), 
 7.3-7.6 (m, 5H, C6H5NH2) 
71.5 (s+d, 1JC-Pt = 164.4), 
122.3 (o-C), 126.8 (p-C), 
129.6 (m-C), 137.8 (i-C) 
cis-PtBr2(C2H4)(PhNH2) (5)d -3066 (bs, ∆δ1/2 = 400) 4.49 (s+d 1:10:1, 4H, 2JH-Pt = 63.9, C2H4), 
7.65 (br, ∆δ1/2 = 26, 2H, C6H5NH2, 2JH-Pt = 64 Hz), 
 7.25-7.59 (m, 5H, C6H5NH2) 
70.3 (s+d, 1JC-Pt = 184.0), 
123.4 (o-C), 126.6 (p-C), 129.5 (m-C), 
140.5 (i-C) 
cis-PtBr2(PhNH2)2 (6)d -2397 (br, ∆δ1/2 = 400) 7.54 (br, 4H, C6H5NH2), 
7.3-7.6 (m, 10H, C6H5NH2) 
123.5 (o-C), 125.6 (p-C), 128.8 (m-C), 
142.4 (i-C) 
aUnless otherwise stated, all spectra were recorded in CD2Cl2. Chemical shifts are reported as δ values, with coupling constants and half-widths in Hz. b 31P{1H} 
NMR resonance of the nBu4P+ ion: δ 32.5 (s). cThe compound is not indefinitely stable in dichloromethane: solution cloudiness developed during the NMR 
experiments (ca. 12 hours), while the 1H NMR spectrum showed a new poorly resolved resonance at 4.3 ppm (satellites, 2JH-Pt = 65 Hz) and the 195Pt NMR spectrum 
showed a new broad resonance at -3258 ppm. dIn DMF-d7. 
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 (nBu4P)2[PtBr4] (1) and (nBu4P)2[Pt2Br6] (1’). There are two main access routes to [PtBr4]2- in 
the literature: (a) reduction of K2PtBr6 by N2H6SO4 or K2C2O48 and b) halide exchange from K2PtCl4 and 
KBr on a steam bath,9, 10 though a detailed description of the experimental procedure is not available. 
Furthermore, the similar solubility of all salts renders the separation difficult, leading to low yields of the 
pure final product. From the recent literature,11 compound (Bu4N)2[PtBr4] was obtained in 80% yield 
from K2PtCl4 and KBr (saturated water solution), followed by extraction by Bu4NBr/CH2Cl2. However, 
very large KBr quantities are necessary to yield a saturated aqueous solution and this excess makes the 
purification more problematic. We have sought to solve this problem by keeping the amount of KBr to 
the minimum amount required to insure a quantitative exchange (as monitored by 195Pt NMR, see 
Experimental section) and subsequently extracting the Pt complex into an organic solvent by cation 
exchange. Thus, use of a CH2Cl2 solution of nBu4PBr gave (nBu4P)2[PtBr4] (1) in 68% yield from 
K2PtCl4 and 90 equiv KBr in water under mild conditions, see experimental section (Scheme 3). The 
structure of 1 was determined by a single crystal X-Ray diffraction study. The anion has the expected 
square planar configuration. A view of the dianion and the selected bond distances and angles are 
provided in the supporting information.  The average Pt-Br distance in the dianion (2.424 Å) compares 
well with the value of 2.419 Å reported for the same ion in [PtBr(dien)]2[PtBr4] (dien = 
NH2CH2CH2NHCH2CH2NH2).12 Significantly longer distances, however, were found for the anhydrous 
(2.445(2) Å)13 and hydrated14 (2.446(6), 2.43(1) Å) K2PtBr4 salt, possibly resulting from the Coulombic 
effect of the K+···Br- interactions. 
 
90 eq KBr, 3 h nBu4PBr/CH2Cl2
H2OH2O, 298K
K2[PtCl4]                          K2[PtBr4]                     (nBu4P)2[PtBr4]
1  
Scheme 3.   
 
Compound 1 very slowly transforms into [nBu4P]2[Pt2Br6] (1’) in CD2Cl2 solution (~10%, 5 days; 
195Pt resonance at -2306 ppm). The same observation has been previously reported for the nBu4N+ salt.11 
The structure of [nBu4P]2[Pt2Br6] has also been determined by X-ray diffraction (see geometry and 
selected bonding parameters of the dianion in the SI, Figure S2 and Table S2).  The geometry is in good 
agreement with that determined previously for the corresponding NEt4+ salt.15, 16  
(nBu4P)[PtBr3(C2H4)] (2). Compound K[PtBr3(C2H4)]·H2O, first reported in 187017 and known18 
as Chojnacki’s salt, is generally prepared in the same manner as Zeise’s salt, namely by bubbling C2H4 
through a K2[PtBr4] solution.19 It has also been obtained by halide exchange from Zeise’s salt,20 but long 
reaction times and a protecting ethylene atmosphere were necessary to avoid the formation of [PtBr4]2- 
and no elemental analysis, yields and physical data were reported. A compound of stoichiometry 
(Bu4N)[PtBr3(C2H4)], characterized by IR spectroscopy, was mentioned21 but no detailed synthetic 
procedure has appeared in the literature to the best of our knowledge. We describe here a direct synthesis 
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of 2 in 46% yield from K2PtCl4, as well as by an alternative procedure from Zeise’s salt (61% yield of 
isolated pure product), see Scheme 4.  The ethanol used as a solvent for the transformation of K2[PtBr4] 
into K[PtBr3(C2H4)] serves to remove the large KBr excess from the previous step and also appears to 
speed up the ligand exchange relative to water, while the presence of small amounts of HBr avoids 
decomposition to unknown compounds. The other procedure from Zeise’s salt uses the same strategy 
described above for 1, namely halide exchange with the minimum amount of KBr, followed by cation 
exchange and operating under an ethylene atmosphere. Compound (nBu4P)[PtCl3(C2H4)] (2-Cl) has 
similarly been obtained by cation exchange from Zeise’s salt. 
 
nBu4PBrC2H4 bubbling, 5h
EtOH/HBr
90 eq KBr, 3 h
H2O
50 eq KBr, 20 h
H2O/C2H4 bubbling
K[PtCl3(C2H4)]
(nBu4P)[PtBr3(C2H4)]
K2[PtCl4]
K2[PtBr4] K[PtBr3(C2H4)]
2
EtOH/HBr 
or CH2Cl2
nBu4PBr/CH2Cl2
H2O/KCl
(nBu4P)[PtCl3(C2H4)]
2-Cl
 
Scheme 4.   
 
The 1H NMR spectrum of 2 in CD2Cl2 features a single resonance with 195Pt satellites at δ 4.59 ppm 
(2JH-Pt = 65 Hz) due to the olefinic protons, upfield from those of free ethylene (δ 5.44) and 2-Cl (δ 4.63). 
This indicates a greater degree of Pt-C2H4 π back-bonding for the bromide system. Likewise, the 13C{1H} 
singlet resonance of 2 at δ 67.3 (1JC-Pt = 176.4 Hz) is upfield from those of 2-Cl (δ 68.0, 1JC-Pt = 191.8 Hz) 
and free C2H4 (δ 122.8). Note, however, that 1JC-Pt is higher for Zeise’s anion.  A greater degree of Pt-C2H4 
π back-bonding for 2 relative to the corresponding trichloro anion is also suggested by the IR stretching 
frequency of two bands in which contribution of the C=C bond stretch is important [because of 
vibrational coupling with δs(CH2)]22-25 (1510 and 1227 cm-1, vs. 1516 and 1230 cm-1 for compound 2-Cl 
and 1623 and 1342 cm-1 for free ethylene26). 
The structure of the [PtBr3(C2H4)]- ion was previously studied27 only for the potassium salt by two-
dimensional methods and showed a significantly longer Pt-Br bond trans to the ethylene ligand (2.52 Å) 
than for the two Pt-Br bonds cis to ethylene ligand (2.43 and 2.42 Å, the estimated standard deviation 
being 0.01 Å), interpreted as the result of the stronger olefin trans influence. The C atom positions were 
not precisely determined and for this reason the C=C and Pt-C distances were not reported. In the course 
of our work we have obtained single crystals of (nBu4P)[PtBr3(C2H4)]. A view of the anion geometry with 
selected bond distances and angles is presented in Figure 1. A more extended list and comparison with 
DFT calculated parameters is presented in the SI (Table S3). 
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Figure 1.   Molecular structure of anion of 2 with ellipsoids are drawn at the 30% probability level.  
Selected bond distances (Å): Pt-Br1, 2.4294(14); Pr-Br2, 2.4229(16); Pt-Br3, 2.4337(14); 
C1-C2, 1.37(2).  
 
In this structure, there is no significant difference between the lengths of the three Pt-Br bonds. 
Differences in crystal packing (nBu4P+ vs. K+ and the presence of one H2O molecule in the latter salt) 
could be responsible for this effect. Note that a greater discrepancy between trans and cis lengths was 
also observed in two-dimensional determinations of Zeise’s salt27-30 (e.g. 2.39 for Cltrans vs.2.29 and 2.27 
Å for Clcis), relative to the more precise 3-dimensional X-ray study [2.327(5) vs. 2.314(7) and 2.296(7) 
Å)31 and to a neutron diffraction study (2.340(2) vs. 2.302(2) and 2.303(2) Å].32 The C=C distance is 
identical to that measured in Zeise’s salt [1.37(3) Å by X-ray and 1.375(4) Å by neutron diffraction].  
(nBu4P)[PtBr3(PhNH2)] (3). This compound, containing the previously unreported 
[PtBr3(PhNH2)]- ion, was obtained in the same manner as 2 (41% yield from K2PtCl4), when aniline was 
used instead of C2H4 (Scheme 5). However, the reaction must be carried out under acidic conditions (pH 
= 2). When neutral conditions were used a precipitate with a stoichiometry close to PtBr2(PhNH2)2, 
according to the analytical data, immediately formed upon addition of 1 equiv of aniline. The 1H NMR 
spectrum of 3 in CD2Cl2 features a single and slightly broadened (∆δ1/2 = 15 Hz) resonance with 195Pt 
satellites at δ 5.64 ppm (2JH-Pt = 72 Hz) for the NH2-protons (cf. 3.69 for free aniline).  
 
nBu4PBr/CH2Cl21 eq. aniline, 1h90 eq KBr, 3 h
H2O, pH = 2 H2O, pH = 2 H2O, pH = 2
(nBu4P)[PtBr3(an)]K2[PtCl4] K2[PtBr4] K[PtBr3(an)]
3  
Scheme 5.   
 
The structure of the [PtBr3(PhNH2)]- ion in compound 3 shows the expected square planar 
geometry, see Figure 2. Selected bond distances and angles are presented in the SI (Table S4).  To date, 
the Cambridge Structural Database (CSD) contains 48 structures of type [PtX3L]-, with X = halogen and 
L = N-based donor, most of which feature chlorides and aromatic N-heterocycles as donors.  In none of 
these structures is the N-donor ligand aniline or another aryl amine.  Indeed aryl amines are much less 
basic than either aliphatic amines or heterocyclic N-donor ligands (e.g. pyridine) and the structural 
chemistry of platinum complexes with these ligands is essentially unexplored. The only precedents of 
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structurally characterized aniline derivatives appear to be trans-PtI2(NH2-C6H4-4-R)2 (R = Et, iPr), where 
the Pt-N distance is 2.060(7) and 2.029(11) Å, respectively.33  Similarly to the above-discussed complex 2, 
the Pt-Br distances in compound 3 do not differ significantly between cis and trans positions. The average 
Pt-Br bond length in 3, 2.443(5) Å, is significantly longer than the same average in 2, 2.429(5) Å, but also 
longer than those found for other [PtBr3(L)]- complexes containing N-donor ligands (in the 2.416-2.431 Å 
range).34-39  
 
 
Figure 2.   Molecular structure of the anion of 3 with molecular ellipsoids are drawn at the 30% 
probability level. Selected distances (Å): Pt-Br1, 2.4444(9); Pt-Br2, 2.4487(7); Pt-Br3, 
2.4375(7), Pt-N1, 2.078(4). 
 
trans-[PtBr2(PhNH2)(C2H4)] (4). This compound has already been reported, its synthesis starting 
from Chojnacki’s salt.40, 41 We have now optimized a one-pot synthetic procedure from K2PtCl4 in 49% 
yield. Alternatively, starting from Zeise’s salt (halide exchange first, then aniline addition), a yield of 
73% was obtained (Scheme 6).  It should be noted that 4, as well as all nBu4P salts described in this paper, 
is not soluble in water. This provides a driving force for the ligand exchange reaction, because the anionic 
tribromo anion is in fact thermodynamically preferred in solution (see equilibrium studies below). The 
exclusive formation of the trans isomer can be explained by the well known trans-effect of the C2H4 
ligand. 
 
50 eq KBr, 20 h
H2O/C2H4 bubbling
K[PtCl3(C2H4)]
H2O
C2H4 bubbling, 5h
EtOH/HBr
90 eq KBr, 3 h
H2O
trans -[PtBr2(PhNH2)(C2H4)]
K2[PtCl4]
K2[PtBr4] K[PtBr3(C2H4)]
4
PhNH2
 
Scheme 6.   
 
Compound 4 exhibits a single 13C{1H} NMR resonance with 195Pt satellites at δ 71.5 ppm (1JC-Pt = 
164.4 Hz), downfield from Zeise’s anion (δ 68.0) and Chojnacki’s anion (δ 67.3 ppm), in agreement with 
a decrease of π back-bonding in the order [PtBr3(C2H4)]- > [PtCl3(C2H4)]- > trans-[PtBr2(PhNH2)(C2H4)]. 
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This correlates with the blue shift observed for the νC=C vibration in the IR spectrum along the same series 
(first band: 1510 < 1515 < 1519; second band: 1227 < 1230 < 1252; all values in cm-1). The 1H NMR 
spectrum exhibits a singlet at δ 4.82 ppm (2JH-Pt = 65 Hz) for the ethylene ligand, upfield from free 
ethylene (5.44 ppm) but downfield from Zeise’s anion (4.63 ppm) and Chojnacki’s anion (4.59 ppm). The 
aniline ligand shows a broad resonance at δ 6.23 (∆δ1/2 = 26 Hz), attributed to the NH2-protons. The 
broadness and absence of observable 195Pt coupling for this resonance, compared with the narrower and 
195Pt-coupled resonance for 3, is suggestive of molecular dynamics, which includes the possible exchange 
with minor traces of residual free aniline, as already reported for other related systems.42, 43 This point will 
be addressed in greater detail below. The UV-visible spectrum of 4 in dichloromethane shows a strong 
UV absorption at 263 nm (ε = 4950 cm-1 M-1) which compares with the reported40 value of 264 nm (ε = 
4158 cm-1 M-1) in MeOH, and two previously unreported shoulders at λmax ca. 310 nm (ε = 1280 cm-1 M-1) 
and ca. 340 nm (ε = 605 cm-1 M-1), the tailing of which in the visible range is responsible for the observed 
yellow color.  
The single crystal X-ray analysis of 4 shows two independent and essentially identical molecules in 
the asymmetric unit, one of which is shown in Figure 3 with selected bonding parameters. The crystal 
packing reveals a 3-dimensional network of NH2···Br H-bonding (see Figure S3).  Additional bonding 
parameters are available in the SI (Table S5). As stated above, the coordination chemistry of PtII with aryl 
amines has been little explored.  The Pt-N distance in compound 4 is longer than those mentioned in the 
previous section for [PtX3L]- complexes, presumably because of the strong trans influence of the ethylene 
ligand. Other trans-[PtX2(alkene)(L)] complexes (all containing alkylamine or N-based heterocyclic 
ligands and X = Cl) also have longer Pt-N distances, for instance 2.084(11) Å for trans-PtCl2(C2H4)(2,6-
NC5H3Me2)44 and 2.09(5) for trans-PtCl2[CH2=CHCH(Me)Et](NH2CH2Ph).45  The C-C distance 
compares with the distance found in C2H4 coordinated to square planar PtII (average of 1.38(2) Å for 28 
structures retrieved from the CSD). 
 
Figure 3.   An ORTEP view of one of the two independent molecules of 4. Molecular ellipsoids are 
drawn at the 30% probability level. Selected bond distances (Å; values separated by slashes 
are the corresponding parameters in two crystallographically independent molecules): Pt1-
Br11, 2.4108(6)/2.4093(7); Pt1-Br12, 2.4203(6)/2.4237(7); Pt1-N1, 2.093(4)/2.093(5); Pt1-
C1, 2.155(6)/2.158(7); Pt1-C2, 2.145(6)/2.153(6); C1-C2, 1.378(10)/1.375(9). 
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cis-[PtBr2(PhNH2)(C2H4)] (5). Compound cis-[PtBr2(PhNH2)(C2H4)] was obtained in a one-pot 
procedure in 42 % isolated yield from K2PtCl4 (Scheme 7), by exchanging the order of addition of the 
neutral ligands relative to the synthesis of the trans isomer described above. The reaction is regioselective 
because of the trans-effect pattern (Br- > PhNH2). Compound 5 is not soluble in H2O and in low-polarity 
organic solvents (CH2Cl2, THF), sparingly soluble in acetone and soluble in DMF; it is not stable in 
DMSO.46 The 1H NMR spectrum in DMF-d7 features a broad resonance (∆δ1/2 = 26 Hz) with 195Pt 
satellites for the NH2 protons at δ 7.62 (2JH-Pt = 64 Hz), namely considerably upfield with respect to the 
corresponding resonance of the trans isomer 4 (δ 8.26 in the same solvent). Note also that the Pt satellites 
are visible for this compound and for compound 3, but not for the trans isomer 4. Both observations may 
be related to the stronger aniline ligand binding in the cis isomer (vide infra). The C=C vibrations (1513 
and 1236 cm-1) are red-shifted relative to those of the trans analogue (1519 and 1252 cm-1). These data 
concur to suggest a greater extent of Pt-C2H4 back-bonding for the cis isomer. The ethylene protons give 
rise to an AA’BB’ spin system at low temperatures (< 260 K), but only one signal is observed at 298 K, 
indicating fast rotation of the ethylene ligand on the NMR timescale, see Figure 4. Note that the 195Pt 
satellites are observed at room temperature but are lost at lower temperatures, because of a larger 
chemical shift anisotropy contribution to relaxation. This phenomenon has also been observed for 
compound 2 (see supplemental figure S4). 
 
C2H4 bubbling, 4h90 eq KBr, 3 h
H2O, pH = 2 H2O, pH = 2 H2O, pH = 2
PhNH2
K2[PtCl4] cis-[PtBr2(PhNH2)(C2H4)]K2[PtBr4] K[PtBr3(PhNH2)]
5  
Scheme 7.   
 
δ/ppm4.304.404.504.604.704.80
220K
230K
240K
250K
260K
270K
280K
310K
 
 
Figure 4.   Variable temperature 1H NMR spectrum of 5 in DMF-d7.   
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Figure 5.   An ORTEP view of compound 5. Molecular ellipsoids are drawn at the 30% probability 
level. Selected bond distances (Å): Pt-Br1, 2.4239(13); Pt-Br2, 2.4364(13); Pt-N1, 
2.082(10); Pt-C1, 2.112(13); Pt-C2, 2.130(12); C1-C2, 1.367(18).  
 
A view of the molecular geometry, as determined by X-ray diffraction, is shown in Figure 5 with a 
selected list of bonding parameters. Additional bonding parameters are available in the Supporting 
Information (Table S6).  Like for the trans isomer 4, compound 5 shows an extensive intermolecular H-
bonding network between the Br ligands and the aniline NH2 protons (2.758 and 2.848 Å) and also a 
contact between one of the C2H4 protons and a Br ligand (2.882 Å), see supplemental figure S3. There is 
apparently only one precedent for a cis-PtBr2(alkene)(L) structure with an N-donor ligand, namely cis-
PtBr2(C2H4)NH3,47 for which the Pt-N distance is reported as 2.13 Å and the Pt-Br distances as 2.51 (trans 
to C2H4) and 2.40 (trans to Br) Å, the difference being attributed to trans influence. In compound 5, on 
the other hand, the difference between the two Pt-Br distances is much less important. The C-C distance 
is identical to those found in compounds 2 and 4 within the experimental error.  
 
cis-[PtBr2(PhNH2)2] (6). In the course of this study, the previously reported48 compound cis-
[PtBr2(PhNH2)2] has also been obtained (94% yield from K2PtCl4, see Scheme 8). The purity was 
determined by elemental analysis and the configuration was confirmed by the X-ray structural analysis.  
The related cis-PtCl2(PhNH2)2 complex was described as unstable in DMF, converting to the less soluble 
trans isomer which precipitates.49  In contrast, compound 6 shows stability in DMF-d7 for at least 2 days, 
with only small intensity new resonances developing in the 1H (δ 5.20) and 13C{1H} (δ 114.3) NMR 
spectra.  
 
aniline, 2 eq90 eq KBr, 3 h
H2O
K2[PtCl4]                      K2[PtBr4]                      cis-[PtBr2(an)2]
H2O
6  
Scheme 8.   
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The solid state structure of compound 6 has also been determined by X-ray crystallography, 
although the crystal quality did not allow a satisfactory data refinement. Nevertheless, the structural 
determination is sufficient to establish the chemical connectivity and molecular geometry, which is 
presented in Figure 6. The two cis aniline ligands adopt a conformation that places the two phenyl rings 
face to face. The same arrangement occurs intermolecularly, indicating a π-stacking interaction (see 
packing diagram in Figure S5).  
 
 
Figure 6.   An ORTEP view of one of compound 6. Molecular ellipsoids are drawn at the 30% 
probability level. 
 
(b) Experimental studies of chemical equilibria. 
 
In order to evaluate the likely nature of the resting state of the PtII hydroamination catalyst, various 
ligand exchange processes involving the synthesized complexes 1-6 were investigated. Accurate 
measurements of the equilibrium constants were not attempted because of a variety of technical 
difficulties (ethylene escapes into the gas phase, very slow equilibration times, …), but the position of 
chemical equilibria could be qualitatively assessed in each case. Treating a solution of 2 with 8 equiv of 
nBu4PBr in CD2Cl2 at 298 K yielded no immediate change.  However, monitoring the intensity of the 1H 
resonance of coordinated C2H4 revealed a slow decrease (ca. 18% after 2.5 h; 20% after both 24 h and 4 
days), indicating partial transformation to 1.  A resonance for free C2H4 was not observed, probably 
because it escapes into the NMR tube head space.  However, the presence of 1 was confirmed by its 195Pt-
resonance. The formation of compound 1 from 2 and excess bromide was also indicated by the results of 
the synthetic studies: compound 1 contaminated 2 when this was prepared by halide exchange from 
Zeise’s salt, unless operating under an ethylene atmosphere (vide supra, Scheme 4 and Scheme 6).  These 
results suggest that the equilibrium of reaction 1 lies on the left hand side, even in the presence of excess 
Br-. This is likely to hold true under catalytic conditions (high C2H4 pressure, high T), although the effect 
of T on the equilibrium has not been experimentally established.   
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[PtBr3(C2H4)]-  +  Br-  [PtBr4]2-  +  C2H4 (1) 
 2 1 
 
Addition of 8 equiv of nBu4PBr to complex 3 in CD2Cl2 at 298 K produces an upfield shift of the 
o-, m- and p-Ph resonances, while the NH2 resonance slightly shifts downfield and decreases in relative 
intensity by 24%. This behaviour is immediate and no further change occurs within the next few hours. 
The resonance shift may be attributed to the establishment of hydrogen bonding between the NH2 protons 
of the coordinated aniline ligand and free Br-.  This interaction is expected to further polarize the N-H 
bond and deshield the proton.  Similar effects of H bonding by Br- ligands on acidic proton resonances 
(for instance in imidazolium salts) have been previously observed.50 The presence of both free and 
coordinated aniline was confirmed by 13C NMR. This experiment suggests that the equilibrium position 
of reaction 2, like that of equation 1, is shifted to the left hand side.   
 
 [PtBr3(PhNH2)]-  +  Br-        [PtBr4]2-  +  PhNH2 (2) 
 3 1 
 
The above proposition was confirmed by studying the reaction in the opposite direction.  Mixing 
compound 1 and PhNH2 (0.67 equiv) in CD2Cl2 shows no immediate change for the aniline peaks, while a 
precipitate (probably compound 6) starts to form in a few hours.  In order to maintain a homogeneous 
system, thus obtaining more significant information on the reaction equilibrium and rate, the solvent was 
changed to DMF-d7. Using a substoichiometric amount of PhNH2 (0.39 equiv) resulted in extensive but 
very slow consumption of the aniline (5 % after 25 h, 43 % after 5.5 days) and formation of 3.  There was 
no evidence of precipitation, nor formation of any compound 6 in solution.  Thus, it seems that the 
formation of 6 is only favoured in solvents in which it is insoluble.  This proposition was confirmed by 
monitoring the reaction of 3 and PhNH2 (equation 3), as well as the reverse reaction between 6 and 
nBu4PBr, in DMF-d7.  No change was observed in the spectrum of 3 + PhNH2 (0.97 equiv) after 17 h at 
room temperature, while the spectrum of 6 + nBu4PBr (0.61 equiv) showed the slow formation of 3 and 
free aniline (0.3 equiv after 23 h and complete reaction in 4 days). In conclusion, the reaction of 1 with 
aniline (1 equiv) to produce 3 is thermodynamically favoured under homogeneous conditions, but the 
further addition of a second equivalent of aniline to yield 6 is not.  The relative stability of 2 and 3 in the 
presence of both aniline and ethylene cannot be probed directly, because the reactions of 2 with PhNH2 
and of 3 with C2H4 yield the two isomeric neutral complexes [PtBr2(C2H4)(PhNH2)].  
 
 [PtBr3(PhNH2)]-  +  PhNH2       cis-[PtBr2(PhNH2)2]  +  Br-  (3) 
 3 6 
 
The next investigation was aimed at probing the relative thermodynamic stability of compounds 2, 
4 and 5, by examining the equilibrium position of the ligand exchange reactions 4 and 5.  This study was 
carried out in CD2Cl2, THF-d8 and DMF-d7 at different temperatures, with 1H NMR monitoring of the 
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C2H4 and PhNH2 positions. DMSO-d6 could not be used because of complications related to ligand 
exchange with solvent molecules, see Experimental section.  Although compound 5 was obtained from 3 
and C2H4 with release of Br-, the reverse reaction of 5 with Br- results in the substitution of aniline rather 
than ethylene.   
 
 trans-[PtBr2(PhNH2)(C2H4)]  +  (nBu4P)Br
cis-[PtBr2(PhNH2)(C2H4)]  +  (nBu4P)Br
4
5
(4)
(5)
(nBu4P)[PtBr3(C2H4)]  +  PhNH2
(nBu4P)[PtBr3(C2H4)]  +  PhNH2
2
2  
 
Reaction 4 was investigated at different molar ratios in both directions. The ligand exchange is fast, 
yielding equilibrium within the time needed to record the first spectrum for each experiment.  Indeed, it is 
fast even on the NMR timescale above 200 K, since only one C2H4 resonance (δrange: 4.4-4.7 ppm) and 
one resonance for each type of aniline NH2 and ring proton (δrange: 6.5-7.5 ppm) was observed, the 
position of which depends on the reagents ratio. Figure 7 shows an example in THF-d8 at 298 K. Related 
studies in CD2Cl2 are illustrated in the supporting information (Figure S6). Lowering the temperature 
slows down the ligand exchange and separate resonances can be observed for the ethylene resonances of 
the two Pt complexes at T < 200 K (see supplemental Figure S7). Equilibrium could be conveniently 
approached from either side, because of the dominant trans effect of the ethylene ligand (formation of 
compound 5 was not observed in these solvents). The equilibrium position is heavily displaced toward the 
right hand side, since addition of nBu4PBr to 4 gave an essentially quantitative transformation when using 
1 equiv of the bromide salt or more. On the other hand, practically no change was observed upon mixing 
2 with small amounts of aniline (1-2 equiv). Only after addition of a ca. 10 equiv of aniline could the 
formation of compound 4 became observable, as evidenced by a shift of the averaged C2H4 resonance. 
Unfortunately, the rapid exchange did not allow the observation of individual resonances for the accurate 
determination of the equilibrium parameters and use of the chemical shifts for the same determination 
was prevented by the chemical shift dependence on H-bonding. However, we can clearly conclude that 
equilibrium 4 is strongly shifted toward the right hand side at room temperature in all solvents (CD2Cl2, 
THF-d8 and DMF-d7).   
 
δ/ppm4.505.005.506.006.507.007.508.00
(a)
(b)
(c)
(d)
 
Figure 7.   1H NMR spectra (olefin, NH2 and aromatic-region) of: a) 4; b) 4 in the presence of 0.72 
equiv nBu4PBr; c) 2; and d) aniline, in THF-d8 at 298K. [4] = [2] = 0.5·[PhNH2] = 0.04 M.  
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Due to insolubility of compound 5 in dichloromethane and THF, the equilibrium study of reaction 
5 was limited to DMF. This reaction is much slower than reaction 4, in agreement with the weaker trans 
effect of the Br ligand in 5 relative to the C2H4 ligand in 4. Thus, separated C2H4 resonances were 
observed for 5 and 2. Equilibration takes > 2 days at room temperature starting from 5 and nBu4PBr (0.87 
equiv) in DMF-d7, see Figure 8.  Fitting as an equilibrium 1st order kinetics gave k = 1.54(3)·10-5 s-1 and a 
73% equilibrium molar fraction of compound 2, showing that the equilibrium position of equation 5 lies 
on the right hand side like that of equation 4. No significant amount of isomer 4 forms during this process 
because of the small amount of released PhNH2 at equilibrium. Note that the C2H4 resonance of 5 moves 
downfield by ca. 0.1 ppm upon introduction of Br-, but then moves back toward the position of pure 5 as 
the free Br- is progressively consumed. This effect is analogous to that described above for the Br- 
addition to 3 and is thus attributed to the same phenomenon, namely hydrogen bonding between free Br- 
and the NH2 protons of the coordinated aniline ligand. However, the effect in this case is transmitted 
through four bonds to the ethylene proton resonance. It is also possible that Br- establishes a direct 
interaction with the C2H4 protons. It was not possible to determine which equilibrium among 4 and 5 is 
shifted toward 2 to a greater extent. We can only conclude that the thermodynamic stability of the 5/Br- 
mixture is closer to that of the 4/Br- mixture than to that of the 2/PhNH2 mixture since both equilibria are 
largely displaced toward the right-hand side. 
 
δ/ppm4.50 4.104.90
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)
 
Figure 8. 1H NMR spectra in DMF-d7 at 298K of: 5 (a); 5 + nBu4PBr (0.87 equiv) at 0 (b), 10 (c), 50 
(d), 107 (e), 257 min (f); 21.5 (g) 24 (h), 28 (i), and 48 h (j). 
 
The NMR observations above underline the strong effect of the ethylene ligand on the exchange 
rates at the trans position. Additional indication of this effect is hinted by the shape of the aniline NH2 
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resonance in the various compounds: the broadness of the resonance could also be related to a dynamic 
process involving exchange of the aniline acidic protons, but the presence of 195Pt coupling for this 
resonance in compounds 3 and 5 and its absence in compound 4 strongly hints to a more rapid aniline 
ligand exchange in the latter compound as a result of the stronger ethylene trans effect.  In order to verify 
this hypothesis, additional studies have been carried out by intentionally mixing additional aniline with 
the three above cited compounds. The result is the observation of separate resonances for free and 
coordinated PhNH2 when using compound 3 or 5, while only a single average resonance (the position of 
which depends on the PhNH2/Pt ratio) is observed for compound 4, see supplemental Figure S8. Cooling 
the solution broadens the aniline signal, but decoalescence is not observed in THF-d8 down to 200 K. 
As mentioned in the introduction, a key step of the catalytic cycle is the amine nucleophilic 
addition to the coordinated alkene yielding a zwitterionic intermediate (6 or 8 in Scheme 1). Stable 
zwitterionic σ-alkyl complexes are formed by the addition of basic amines to coordinated ethylene in cis- 
or trans-[Pt(C2H4)Cl2L], for instance when using diethylamine, although these derivatives are often found 
to equilibrate with the amine/ethylene complex mixture in solution.51 The reaction products of eq 6 have 
been isolated and characterized by 1H NMR spectroscopy51-57 and in one case by a single-crystal X-ray 
diffraction study.58 This reaction appears limited to amines of sufficient basicity (pKa > 5 for the 
conjugate ammonium ion). For instance, aniline failed to give an observable addition compound53, 54 when 
reacted with trans-[Pt(C2H4)(Et2NH)Cl2].  
 
NR3 +
Cl
Pt Z
Y
Cl
Pt Z
Y
R3N-H2C-H2C
cis: Z = Cl; Y = PR3, py, NH3, DMSO
trans: Y = Cl, Z = NR3
(6)
 
 
An NMR investigation of the interaction between 4 and 5 with PhNH2 was carried out in hope of 
observing the formation of the hydroamination product and perhaps also the putative zwitterionic PtII or 
hydrido PtIV intermediate (Scheme 1). The study was carried out in CD2Cl2, THF-d8 and DMF-d7 for 
compound 4 and only in DMF-d7 for compound 5 for solubility reasons.  In THF and CD2Cl2, compound 
4 could be investigated up to the reflux temperature, whereas the studies in DMF-d7 were limited to 298 
K because extensive decomposition occurs at higher temperatures for both complexes.  In the case of 4, 
the only observable phenomenon was the fast PhNH2 exchange already described above.  No new 
resonance that could be attributed to a σ-alkyl complex or to the expected PhNHEt product was observed 
for either complex under any conditions. In conclusion, the activation barrier that must be overcome for 
the nucleophilic addition of PhNH2 to compounds 4 or 5 is such that no significant reaction occurs at the 
temperatures used for this study (< 68°C). Considering the NMR error (at least 1% reaction for detection), 
the time of the experiment (1.5 h) and the temperature, the activation free energy is estimated as >29 kcal 
mol-1 at 68°C from the Eyring equation. The nucleophilic addition of aniline to complexes 2, 4 and 5 as 
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well as all subsequent steps leading to the hydroamination product and to the catalyst regeneration have 
been investigated computationally and will be reported in a forthcoming separate contribution.   
 
(c) Ethylene hydroamination by aniline with complexes 2, 4 and 5 as catalysts.  
In order to verify that the ethylene-containing complexes 2, 4 and 5 are possible intermediates of 
the catalytic cycle, we checked whether they are able to catalyze the hydroamination of ethylene by 
aniline under the same conditions previously reported1 for PtBr2 and whether they provide similar results 
in terms of activity and selectivity (refer to Scheme 9).  The results are shown in Table 3.  It can be seen 
that all compounds yield the main hydroamination product, N-ethyl aniline, with TON in the range 75-
100 under the same experimental conditions. Similar selectivities are also found with the various 
compounds. The catalytic tests with PtBr2 have also been repeated and found to yield results consistent 
with those previously reported.1  Since no significant difference was observed by reducing the amount of 
nBu4PBr to only a tenfold excess, all subsequent runs were carried out with the lower bromide salt 
amount.  
 
NH2
H2C CH2
NHEt
N
N-ethylaniline Quinaldine
[PtBr2]
nBu4PBr
NEt2
N-diethylaniline  
Scheme 9.   
 
Table 3. Catalytic results for the aniline addition to ethylene with compounds PtBr2, 2, 4 and 5 in the 
presence of nBu4PBr.a  
 [Pt] Salt (eq) PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
PtBr2 nBu4PBr (150)b 100 2 4 
PtBr2 nBu4PBr (10) b 100 4 12 
2 nBu4PBr (10) 75 2 15 
4 nBu4PBr (10) 70 5 8 
5 nBu4PBr (10) 91 12 8 
aT = 150°C, t = 10 h; p(C2H4) = 25 bars. bResults very close to those previously reported under identical 
conditions.  
 
The results of Table 3 confirm that complexes 2, 4 and 5 are competent precatalysts and suggest 
that they all yield the same catalytic system obtained from PtBr2. According to the proposed catalytic 
cycle (Scheme 1) and as shown by our synthetic work, these complexes can be readily formed under 
catalytic conditions. Since the rate determining step of the hydroamination process is probably a later step 
according to Scheme 1 (e.g. the nucleophilic aniline addition to coordinated ethylene, or the elimination 
of the hydroamination product),5 the transition state of which is at higher energy than those associated to 
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the formation of 2, 4 and 5, all these complexes should be in equilibrium with each other under the 
catalytic conditions and should therefore in principle yield the same catalytic activity.   
 
(d) DFT calculations  
 
The geometry optimizations were carried out in the gas phase. The gas-phase thermochemical data, 
which included the full thermal correction to the gas phase Gibbs free energy,59 were then corrected by 
solvation effects in aniline and in dichloromethane, using the results of C-PCM calculations on the fixed 
gas-phase geometries.  Dichloromethane was chosen in order to compare the computational results with 
the experimental equilibrium studies described in section (b), most of which were conducted in that 
solvent. Aniline was also used because the hydroamination catalysis is conducted in the absence of 
solvent, thus the substrate itself (aniline) provides the reaction medium for dissolution of all metal 
complexes. The polarity of the medium may be significantly altered by the dissolved ionic co-catalyst, 
nBu4PBr, but no simple method is available to include this effect in the calculations to the best of our 
knowledge. The relative free energies in aniline solution were also calculated at 423.15K, temperature at 
which the catalytic experiments were carried out. Since the translational and rotational contributions are 
significantly quenched upon going from the gas phase to the solution, we also derived relative free energy 
values using only the vibrational contribution of the entropy as a corrective term, however this will be 
fully adressed in the Chapter 3.60  
All computed systems are labelled with Roman numerals, with the numeric value corresponding to 
that of the isolated compound (for instance, the [PtBr4]2- ion of compound 1 is given label I, the 
[PtBr3(C2H4)]- ion of compound 2 is labelled as II, etc.). The calculations also addressed the possible 
formation of bis(ethylene) complexes, trans-[PtBr2(C2H4)2] (two isomers, VII and VII’) and cis-
[PtBr2(C2H4)2] (VIII).  These are not known compounds, but the corresponding cis-[PtCl2(C2H4)2] has 
recently been isolated and crystallographically characterized,61 whereas the trans isomer does not appear 
to be a stable complex.61-63 It is interesting to verify whether the relative energy of these complexes is 
sufficiently low to warrant their consideration as potential intermediates in the catalytic cycle.    
The relevant optimized geometrical parameters of the platinum complexes I’ and II-V and views of 
the optimized geometries are shown next to the related experimental X-ray data in the Supporting 
Information section (Tables S2-S7). There is generally good agreement between experimental and 
calculated data, with all distances being slightly overestimated by the calculations as typically found for 
DFT calculation with hybrid functionals. The discrepancy is highest for the Pt-Br distances and strongest 
in the dianion (2.527 Å vs. an average of 2.424 Å or ∆ = +0.103 Å for I) and slightly smaller in the 
monoanions (∆ = +0.074 for II, +0.049 for III), and in the neutral species (∆ = +0.068 for IV, +0.035 for 
V). The neglect of the counterion in the calculation of the ionic species is probably not responsible for 
this discrepancy, because strong ion pairing is expected to lengthen, not shorten, bond distances. The 
inclusion of the cation in the calculations will be reported in the next chapter. The calculations confirm 
the absence of a notable trans influence of C2H4 relative to Br on the Pt-Br distance, whereas the Pt-Br 
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bond is slightly shorter (by ca. 0.04 Å) when located trans to aniline in complexes III, V and VI. The Pt-
N bond is also little affected by the nature of the trans ligand (Br or C2H4; maximum differences of 0.03 
Å).  The trend of the ethylene C-C distance is interesting (1.398 Å in IV, 1.404 in V, 1.408 Å in II), 
because it suggests a π back-bonding trend in the order IV < V < II. This distance variation is too small to 
be experimentally revealed by the X-ray technique for compounds 4, 5 and 2, but is consistent with the 
observed shift of the ν(C=C) vibration. Thus, 4 should be the most reactive of these three compounds 
toward nucleophilic attack by external aniline.  The geometry of VI differs from that found in the solid 
state in that the Ph rings of the two different aniline ligands are located on opposite sides of the 
coordination plane. This energy minimum is also obtained when using the solid state geometry as input. 
This result suggests that the observed solid state geometry is enforced by the intermolecular π-stacking 
interactions.  
The geometry of the bis(ethylene) adducts was optimized as both trans and cis isomers. Although 
the introduction of a second ethylene molecule to complex II would be directed to the trans position by 
the trans effect of the first ethylene ligand, a subsequent isomerization may occur as recently shown for 
the dichlorido analogue.61 For the trans complex, two different configurations were probed, the first one 
having both ethylene C-C bonds perpendicular to the coordination plane (VII) and the second one with 
one perpendicular and one parallel C-C bond (VII’).  The relative energy of VII’ is, as expected, higher 
than that of VII. Thus, only the bis(perpendicular) arrangement (experimentally observed for the 
dichlorido analogue) was calculated for the cis isomer VIII.  In system VII the C-C distance is shorter 
(1.382 Å) than in systems II, IV and V, since the two C2H4 ligands are in mutual competition for electron 
density through Pt-C2H4 back-bonding.  The distance in the cis isomer VIII is longer (1.395 Å), though 
still marginally shorter that in IV.  In system VII’ the ethylene ligand with the perpendicular C-C bond is 
more strongly affected by back-bonding (C-C: 1.397 Å, about the same as in IV), whereas the parallel 
ethylene ligand is very weakly bonded to Pt (Pt-C = 2.331 Å, vs. 2.195 for the perpendicular ligand) and 
the C-C distance is much shorter (1.372 Å), though still significantly lengthened relative to free ethylene 
[1.330 Å, cf. the experimental value of 1.3391(13)64]. The reduced back-bonding in these ligands, while 
the C2H4-Pt dative interaction is still effective, makes them also interesting candidates for a nucleophilic 
attack by external amine.  
The relative energies of systems I-VIII are given in Table 4. There is little difference between the 
results in aniline and dichloromethane solution, all relative G values being slightly less negative (or more 
positive) in dichloromethane. This is probably related to the greater ability of dichloromethane to solvate 
charged species (ε = 8.93) relative to aniline (ε = 6.89), thus having a greater bias in favour of [PtBr4]2-.  
Solvation (Table S8) increases in the order: neutral species (IV, V, VI, VII, VII’, VIII, C2H4, PhNH2) < 
monoanions (II, III, Br-) < dianion (I).  Note that all systems are more stable than I, except for VII’ 
which is ca. 5 kcal mol-1 less stable than its isomer VII.  The absence of the counterion in the calculations 
may disfavour the ionic species relative to the neutral ones, since ion pairing is expected to provide a 
slight energetic stabilization to the system.  This means that in reality species II may be even more 
stabilized, relative to the neutral species IV, V, VI, VII and VIII, than shown by the values in Table 4. 
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Note that the relative free energies in solution experience minor changes on going from room temperature 
to 150°C (temperature of the catalytic runs) and the situation remains qualitatively the same. Under all 
conditions, the species with the lowest free energy in solution is II. This system is thus the most likely 
candidate as catalyst resting state. All these species are relatively close in energy and much lower than the 
transition state leading to the hydroamination product (estimated as > 29 kcal mol-1 relative to II at 68°C, 
vide supra).  Consequently, they can all be considered to be present either as intermediates or as off-loop 
equilibrium species under catalytic conditions.  
 
Table 4.  Relative free energy values (in kcal mol-1) of systems I-VIII. The values shown take into 
account the addition and subtraction of ligands from system I.a  
 System ∆GDCM,298.15 ∆Ganiline,298.15 ∆Ganiline,423.15 
I 0.0 0.0 0.0 
I’ -5.7 -7.1 -7.9 
II -11.4 -14.6 -14.5 
III -8.7 -8.7 -9.6 
IV -8.0 -10.7 -9.7 
V -6.0 -8.4 -7.4 
VI -1.6 -2.9 -1.0 
VII 0.2 -3.2 -2.6 
VII’ 5.5 1.8 1.8 
VIII -1.9 -5.3 -5.0 
 
 
Discussion 
 
The main interest of this investigation was to throw more light onto the mechanism of the recently 
reported hydroamination of ethylene by aniline catalyzed by ligandless PtBr2, upon activation by nBu4PBr.  
What we have learned is that all the isolated compounds 1-6, and even the bis(ethylene) complexes trans-
PtBr2(C2H4), 7, and cis-PtBr2(C2H4)2, 8, are likely to exist, in equilibrium with each other, under catalytic 
conditions.  Only the trans isomer of the mixed ethylene-aniline complex [PtBr2(PhNH2)(C2H4)] (4) was 
previously proposed as intermediate. The major species in solution (catalyst resting state), however, is 
likely to be [PtBr3(C2H4)]-, so far as a sufficient pressure of C2H4 is present.  Thus, the initial part of the 
catalytic cycle can be revised as shown in Scheme 10.  All the ethylene-containing complexes (II, IV, V, 
VII, VII’ and VIII) may be susceptible to nucleophilic attack by aniline.  Using the Boltzmann 
distribution and the values in Table 4, the relative amounts of the ethylene-containing species at 150°C 
may be estimated as II/IV/V/VII/VII’/VIII = 1 : 3.3·10-3 : 2.2·10-4 : 7.2·10-7 : 3.9·10-9 : 1.3·10-5. In spite 
of the small equilibrium amount estimated for many of these species, they must all be considered as 
potential substrates for the nucleophilic attack by aniline in the subsequent elementary step because a 
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higher energy (and thus less populated) species may lead to a lower barrier for the rate determining step 
of the catalytic cycle.  Investigations on these subsequent steps are currently ongoing and will be reported 
in a forthcoming contribution. 
+CH2=CH2
-Br-
+ArNH2
-Br-
[PtBr4]2-
[PtBr3(C2H4)]-
trans-[PtBr2(ArNH2)(C2H4)]
+ArNH2
-Br-
[PtBr3(ArNH2)]-
+CH2=CH2
-Br-
cis-[PtBr2(ArNH2)(C2H4)]
+Br-
-ArNH2
+C2H4
-Br-
+ArNH2
-Br-
cis-[PtBr2(ArNH2)2]trans-[PtBr2(C2H4)2]
nucleophilic addition
to ethylene
+ArNH2
+ArNH2
+ArNH2 +ArNH2
cis-[PtBr2(C2H4)2]
I
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V
VI
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VII
VIII
+ArNH2
 
Scheme 10. Revised mechanism for the hydroamination of ethylene by aniline. 
 
An important point is the qualitative agreement between the experimental results of the equilibrium 
studies and the computational results, provided that the free energies in solutions are used. Precise 
calibration of the theoretical method is not possible because we could not obtain accurate equilibrium 
constants for the various ligand exchange processes (Equations 1-5).  However, all observations are 
qualitative reproduced by the computational study. Namely, the conversion of I into I’ and Br- is 
spontaneous (though slow). The higher free energy of I’ and C2H4 relative to II agrees with the literature 
report that [Pt2Br6]2- transforms into [PtBr3(C2H4)]- upon addition of ethylene.65 The relative G values of 
II/Br- and III/Br- agree with the displacement of equilibria 1 and 2 to the left hand side.  The G value of 
VI/Br- relative to III/PhNH2 agrees with the displacement of equilibrium 3 to the left hand side (the 
opposite process is driven by the precipitation of 6). Furthermore, II (+PhNH2) is also thermodynamically 
preferred relative to IV and V (+Br-), in agreement with equilibria 4 and 5 being displaced to the right 
hand side. According to the calculation, the trans complex IV is more stable than its cis isomer V. Finally, 
the lower energy of VIII relative to VII qualitatively agrees with the spontaneous trans to cis 
isomerization of the analogous PtCl2(C2H4)2 complex.61 Given the general agreement between theory and 
experiment, this computational level appears suitable to further investigate the subsequent steps of the 
catalytic cycle, for which no experimental information is available.  
 
Conclusion 
 
This contributions described in this chapter provide straightforward procedures for the one-pot 
synthesis of several PtII bromido derivatives, some previously reported, others described here for the first 
time. The work described in this contribution has also served to clarify a few important points of the 
ethylene hydroamination process catalyzed by the PtBr2/nBu4PBr system.  A greater number of ethylene 
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complexes than previously imagined are found as likely candidates for the crucial aniline nucleophilic 
addition step. A rich PtII coordination chemistry in the presence of bromide, ethylene and aniline ligands 
has been unveiled and all the isolated complexes are suggested by the DFT study to be viable 
intermediates or equilibrium off-loop species of the catalytic cycle. The general agreement between the 
DFT results (in terms of free energy changes in solution) and the experimental equilibrium studies 
encourages us to pursue our DFT exploration of the remainder of the catalytic cycle which will be 
analysed in Chapter 4. However, before using the approach ∆GCPCM (∆Hgas - T∆Sgas + ∆∆Gsolv) to describe 
energy in condensed phase, we will present two another approaches as well as inclusion of the cation in 
the calculations, see Chapter 3.   
 
Experimental part.   
 
General.  The ethanol used as reaction solvent was of 95% grade and water was deionized. All 
other solvents were of HPLC grade and were used as received. Aniline (Fluka) was distilled under 
vacuum and kept under argon in the dark. K2PtCl4 (Strem) and K[PtCl3(C2H4)]·H2O (Aldrich) were used 
as received. nBu4PBr (Aldrich) was stored in a desiccator under vacuum. Ethylene (purity ≥ 99.5%) was 
purchased from Air Liquide.  
Instrumentation. NMR investigations were carried out on a Bruker DPX300 spectrometer 
operating at 300.1 MHz (1H), 121.49 MHz (31P), 75.47 MHz (13C) and 64.5 MHz (195Pt). The spectra were 
calibrated with the residual solvent resonance relative to TMS (1H, 13C) and with external 85% H3PO4 
(31P) and Na2PtCl6 (195Pt). IR spectra (neat/4000-600 cm-1) were recorded on a Perkin-Elmer Spectrum 
100 FTIR spectrometer (2 cm-1 resolution). UV measurements were recorded on a Varian Cary 50 
WinUV or on a PerkinElmer Lambda 35 UV/vis spectrometer using CaF2 cells of 1 cm path length. 
Elemental analyses were performed by the Microanalytical Service of the Laboratoire de Chimie de 
Coordination. The capillaries charged with the compounds for the melting points were sealed before 
measuring.  For all compounds, the physical (color, melting point) and microanalytical data (C, H, N) are 
reported in Table 1, whereas the NMR properties in CD2Cl2 (195Pt, 1H and 13C{1H}) are listed in Table 2. 
Other characterization data (NMR in other solvents, UV-visible, IR) are given in the Supporting 
Information. More detailed analyses of vibrational coupling in compounds 1-6 on the basis of IR and 
Raman studies is reported in Chapter 9.  
195Pt NMR study of equilibrium between K2PtCl4 and KBr. To a water solution (3 mL) of 
K2PtCl4 (55 mg) was added KBr (0.79 or 1.26 g; 50 or 80 equiv) and the obtained mixture was stirred at 
room temperature for several days.  The equilibrium was checked by transferring aliquots of the solution 
into an NMR tube charged with ca. 100 µL of D2O for lock and measured by 195Pt NMR spectroscopy 
(30000 scans). The spectra showed two resonances at -2367 {[PtBr3Cl]2-} and -2662 ppm {[PtBr4]2-} with 
intensity peak ratios of 1:22 or 1:33, respectively, at equilibrium (the signal to noise ratio for the smaller 
peak is 4). 
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Preparation of (nBu4P)[PtCl3(C2H4)] (2-Cl). To a saturated KCl aqueous solution (3 mL) was 
added K[PtCl3(C2H4)]·H2O (30 mg, 0.078 mmol) and a solution of nBu4PBr (28 mg, 0.083 mmol) in 
CH2Cl2 (2 mL). The resulting two-phase system was intensively stirred over 10 min, then the organic 
phase was recovered and the solvent was evaporated and the resulting residue was dried under vacuum 
for 2 h. The yield of product after solvent evaporation was 40 mg (88%).  
Synthesis of (nBu4P)2[PtBr4] (1). To a solution of K2PtCl4 (107 mg, 0.258 mmol) in water (5 mL) 
was added KBr (2.76 g, 90 equiv) and the resulting solution was stirred at room temperature for 3 hours. 
It was then transferred into a separating funnel and intensively shaken with a solution of nBu4PBr (175 
mg, 2 equiv) in 6 mL of CH2Cl2. Since the resulting mixture was a relatively stable emulsion, 3 additional 
mL of water were added and the mixture was shaken again, resulting in the rapid separation of two clear 
phases. The organic layer was collected and shaken two more times with distilled water (8 mL each time).  
The organic layer was then evaporated to dryness and the brown-light residue was dried in vacuo for 20 
min, then washed with pentane (5 mL) and finally dried in vacuo over P4O10 overnight. Yield: 181 mg 
(68%).  
Synthesis of (nBu4P)[PtBr3(C2H4)] (2). Method A. From Zeise’s salt. An aqueous solution (5 
mL) of K[PtCl3(C2H4)]·H2O (100 mg, 0.271 mmol) and KBr (1.61 g, 50 equiv) was stirred under a 
continuous ethene flushing for 20 hours at room temperature. After this time the solution was transferred 
into a separating funnel where it was intensively shaken with a solution of nBu4PBr (92 mg, 0.271 mmol) 
in CH2Cl2 (5 mL). Since the resulting mixture was a relatively stable emulsion, 3 additional mL of water 
were added and the mixture was shaken again, resulting in the rapid separation of two clear phases. 
Yellow-orange crystals of pure (nBu4P)[PtBr3(C2H4)] were obtained after separation of the organic phase, 
solvent evaporation and recrystallization of the residue from dichloromethane/diethyl ether. Yield: 120 
mg (61%). The complex immediately and quantitatively reacts with DMSO-d6, yielding a yellow solution 
characterized by a single 195Pt resonance at δ -3578 (s, ∆ν1/2 = 21 Hz, 298 K). The formation of free 
ethylene is witnessed by the 1H (singlet at δ 5.42) and 13C{1H} (singlet at δ 124.0) resonances. These 
observation suggest the formation of complex [PtBr3(DMSO-d6)]-.  
Method B. From K2PtCl4. To a solution of K2PtCl4 (200 mg, 0.482 mmol) in water (8 mL) was 
added 90 equiv KBr (5.16 g) and the obtained solution was stirred for 3 hours at room temperature. The 
solvent was then evaporated under vacuum and K2PtBr4 was extracted by three portions (ca. 10 ml) of a 
EtOH/HBr (30 mL + 2 mL) mixture and filtered through Celite. Ethene gas was flushed through the 
obtained solution during 4 hours, then nBu4PBr (163 mg, 0.482 mmol) was added and the resulting 
mixture was stirred under an ethene flush for 1 hour. The pure yellow-orange (nBu4P)[PtBr3(C2H4)] was 
obtained after solvent evaporation, washing with water (4x6 ml), recrystallization from 
dichloromethane/diethyl ether, washing with pentane and finally drying in vacuo. Yield: 160 mg (46%). 
The spectroscopic data of this material were identical to those of the product of method A.  
Synthesis of (nBu4P)[PtBr3(PhNH2)] (3). To a solution of K2PtCl4 (260 mg, 0.626 mmol) in water 
(12 mL), adjusted to pH = 2 by addition of CH3COOH, was added KBr (6.71 g, 90 equiv) and the 
resulting mixture was stirred for 3 h at room temperature. Aniline (57 µL, 0.626 mmol) in 0.5 mL of 
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EtOH was then added drop by drop and the obtained mixture was stirred for 1 h, resulting in the 
formation of a yellow-orange precipitate. To this mixture was added a solution of nBu4PBr (212 mg, 
0.626 mmol) in dichloromethane (7 mL) and the resulting biphasic system was vigorously stirred for 20 
min, transferred into the separating funnel, and the red organic phase was separated. Following solvent 
evaporation and recrystallization from dichloromethane/diethyl ether, red crystals of pure 
(nBu4P)[PtBr3(PhNH2)] were obtained in 41% yield (202 mg).  
Synthesis of trans-PtBr2(PhNH2)(C2H4) (4). Method A. From K2PtCl4. To an aqueous solution 
(6 mL) of K2PtCl4 (100 mg, 0.241 mmol) was added KBr (2.580 g, 90 equiv) and the resulting solution 
was stirred for 3 h at room temperature. The solvent was then evaporated under reduced pressure and 
K2PtBr4 was extracted by three equal portions of a EtOH/HBr mixture (total volume: 15 mL EtOH + 1 
mL conc. aqueous HBr) and filtered through Celite. The resulting solution was flushed with ethylene for 
5 h, then the solvent was evaporated to dryness. Dissolution in water (7 mL) followed by addition of an 
ethanol solution of aniline (22 µL, 0.241 mmol in 0.5 mL) resulted in an immediate precipitation of a 
yellow powder. After 1 h of stirring, the solid was filtered, washed with water and dried.  It was then 
redissolved in the minimum amount of dichloromethane (ca. 3 mL) and the solution was filtered and 
evaporated to dryness. Yield: 49 % (56 mg).  The compound is unstable in DMSO-d6, yielding a mixture 
of products (195Pt resonances at δ -3306, -3495, -3578, -3733 with approximate relative ratio of 1:6:1:3 
from signal integration). The resonance at δ -3578 is identical to that obtained by dissolution of 2 and 
tentatively assigned to [PtBr3(DMSO-d6)]- (see above). The compound slowly changes color toward black 
when kept in air for several days as a solid.  Storage under argon is recommended.  
Method B. From Zeise’s salt. An aqueous solution (8 mL) of Zeise’s salt (200 mg, 0.543 mmol) 
and KBr (3.228 g, 50 equiv) was stirred under an ethene flush for 20 h at room temperature. An aniline 
(50 µL, 0.543 mmol) solution in EtOH (1 ml) was then added dropwise, yielding a yellow precipitate. 
After stirring for 1 h at room temperature, the precipitate was filtered, washed with water and dried in 
vacuo. Subsequent washing with pentane and drying in vacuo affords yellow trans-[PtBr2(C2H4)(PhNH2)] 
in 73 % yield (189 mg). The spectroscopic data of this material were identical to those of the product of 
method A.   
Synthesis of cis-PtBr2(PhNH2)(C2H4) (5), from K2PtCl4. To an aqueous solution (5 mL) of 
K2PtCl4 (100 mg, 0.241 mmol), adjusted to pH = 2 by the addition of CH3COOH, was added KBr (2.58 g, 
90 equiv) and the resulting mixture was stirred for 3 h at room temperature. Aniline (22 µL, 0.241 mmol) 
in 0.5 mL of EtOH was then added dropwise and the resulting mixture was stirred for 1 h, yielding a 
small amount of yellow precipitate. After filtration, the resulting red solution was flushed with ethene for 
4 h yielding a yellow-green precipitate, which was then filtered. The precipitate was washed with water 
and dried in vacuo. Yield: 48 mg (42 %).  
Synthesis of cis-PtBr2(PhNH2)2 (6). To a solution of K2PtCl4 (1000 mg, 2.409 mmol) in water (40 
mL) was added KBr (25.8 g, 90 equiv) and the resulting mixture was stirred for 3 h at room temperature. 
A solution of aniline (440 µL, 4.818 mmol) in 2 mL of EtOH was then added dropwise. The mixture was 
stirred for 3 h and filtered. The pale yellow precipitate was washed sequentially with water, EtOH, and 
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Et2O and then dried in vacuo. Yield: 1.23 g (94%). The compound is not stable in DMSO. Upon 
dissolving the compound in DMSO-d6, the formation of new 195Pt NMR resonances (a major peak at δ -
3495 and a minor one at δ -3306) was observed. They are tentatively attributed to 
[PtBr2(DMSO)(PhNH2)] and  [PtBr2(DMSO)2], respectively. 
X-Ray crystallography. Single crystals of 1, 2 and 3 suitable for the X-ray study were prepared as 
follows: to a suspension of the compound in Et2O at the reflux temperature was added dichloromethane 
dropwise until a homogenous system formed. The solution was then filtered while hot and kept at -20ºC 
overnight.  In the case of 1, the solution was then further concentrated to approximately 1/3 of its original 
volume and kept at -20ºC during two weeks, yielding large (ca. 3 mm) deep-red crystals. Crystals of 4 
were prepared in the same manner as 2 and 3, albeit using a pentane/Et2O combination. The crystals of 5 
were prepared by slow evaporation of a saturated acetone solution. A single crystal of each compound 
was mounted under inert perfluoropolyether on the tip of a glass fiber and cooled in the cryostream of a 
Bruker APEX2 CCD diffractometer. Data were collected using the monochromatic MoKα radiation (λ= 
0.71073).  The structures were solved by direct methods (SIR97)66 and refined by least-squares 
procedures on F2 using SHELXL-97.67 All H atoms attached to carbon were introduced in calculation in 
idealized positions and treated as riding models. The drawing of the molecules was realised with the help 
of ORTEP32.68 Crystal data and refinement parameters are given in the supporting information (Table 
S10). Crystallographic data (excluding structure factors) have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication no. CCDC 725742 - 725747.  Copies of the 
data can be obtained free of charge on application to the Director, CCDC, 12 Union Road, Cambridge 
CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). 
Computational Details. All geometry optimizations were performed with the Gaussian03 suite of 
programs69 using the B3LYP functional which includes the three-parameter gradient-corrected exchange 
functional of Becke70 and the correlation functional of Lee, Yang, and Parr which includes both local and 
non-local terms.71, 72  The basis set chosen was the standard 6-31+G*, which includes both polarization 
and diffuse functions that are necessary to allow angular and radial flexibility to the highly anionic 
systems, for all atoms of type H, C, N, and Br.  The Pt atom was described by the LANL2TZ(f) basis, 
which is an uncontracted version of LANL2DZ and includes an f polarization function and an ECP.73  
The starting geometries for the calculations where derived from the solid state X-ray structure, whenever 
available, or adapted from those by appropriate ligand substitution (specifically for systems VII and 
expected VIII). For the ionic species, the calculations were carried out on the free ion, without 
consideration of ion pair formation with the counterion. Frequency calculations were carried out for all 
optimized geometries in order to verify their nature as local minima and for the calculation of 
thermodynamic parameters at 298.15 and at 423.15 K under the gas-phase and harmonic approximations. 
Solvent effects were included by means of CPCM single point calculations on the gas-phase optimized 
geometries.74, 75 Thus, the solution free energy was calculated as ∆Hgas+T∆Sgas∆GCPCM, the corrective term 
∆GCPCM being indicated as ∆Gsolv by the Gaussian program. The reaction free-energy changes in solution 
were corrected for the change of standard state from the gas phase (1 atm) to solution (1 M).76  
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Chapitre 3 
Etude théorique des équilibres en solution pour la catalyse d’hydroamination de 
l’éthylène au platine, y  compris les effets de solvatation et de contre-ion: un 
traitement approprié de l'énergie libre de solvatation. 
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Résumé du Chapitre 3. 
 
Une étude DFT/B3LYP de l'effet d'inclusion explicite du cation Me4P+ (modèle de nBu4P+) sur 
les calculs des équilibres en solution impliquant des complexes anioniques de PtII est reportée 
dans ce chapitre. Les complexes calculés sont des modèles des espèces les plus stables qui 
participent potentiellement au cycle catalytique de l'hydroamination d’éthylène par l’aniline 
catalysée par le système PtBr2/(nBu4P)Br, notamment (nBu4P)2[PtBr4] (1), (nBu4P)2[Pt2Br6] (1’), 
(nBu4P)[PtBr3(C2H4)] (2), (nBu4P)[PtBr3(PhNH2)] (3), trans-[PtBr2(C2H4)(PhNH2)] (4), cis-
[PtBr2(C2H4)(PhNH2)] (5), cis-[PtBr2(PhNH2)2] (6), trans-[PtBr2(C2H4)2] (7), et cis-
[PtBr2(C2H4)2] (8). Les énergies relatives ont été obtenues par optimisations de géométrie en 
phase gazeuse suivies par des calculs C-PCM des effets de solvatation dans le dichlorométhane 
et dans l'aniline à 25 ° C et à 150°C. Trois approches différentes ont été envisagées pour décrire 
l'énthalpie libre dans la solution:, ∆ECPCM (∆Eelgas + ∆∆Gsolv), ∆GvCPCM (∆Eelgas + ∆EZPVEgas + 
∆Evgas - T∆Svgas + ∆∆Gsolv) et ∆GCPCM (∆Hgas - T∆Sgas + ∆∆Gsolv). ∆Evgas et ∆Svgas ne 
comprennent que la contribution vibrationelle et ∆∆Gsolv est l'énergie libre de solvatation 
résultant des calculs de C-PCM. L'association cation-anion est favorable dans les deux solvants 
au niveau ∆ECPCM et ∆GvCPCM mais à peu près sans effet au niveau ∆GCPCM. La considération de 
l’association des ions a un effet important sur le schéma énergétique, mais ne modifie de manière 
significative les énergies relatives que lorsque des complexes doublement chargés sont impliqués. 
Les énergies en jeu pour les équilibres qui ne concernent que des espèces neutres ou 
monochargées ne sont pas grandement affectées par l'inclusion de cations. L'approche ∆GCPCM 
fournit les résultats les plus en accord avec les données d'équilibre disponibles. 
 
Abstract of Chapter 3. 
 
A DFT/B3LYP study of the effect of the explicit inclusion of the Me4P+ cation (as a model of 
nBu4P+) on the calculation of solution equilibria involving anionic PtII complexes is reported.  
The calculated complexes are models of species that potentially participate in the low-energy 
portion of the catalytic cycle of the ethylene hydroamination by aniline catalyzed by the 
PtBr2/(nBu4P)Br system, namely (nBu4P)2[PtBr4] (1), (nBu4P)2[Pt2Br6] (1’), 
(nBu4P)[PtBr3(C2H4)] (2), (nBu4P)[PtBr3(PhNH2)] (3), trans-[PtBr2(C2H4)(PhNH2)] (4), cis-
[PtBr2(C2H4)(PhNH2)] (5), cis-[PtBr2(PhNH2)2] (6), trans-[PtBr2(C2H4)2] (7), and cis-
[PtBr2(C2H4)2] (8). The relative energies are based on gas-phase geometry optimizations 
followed by C-PCM calculations of the solvation effects in dichloromethane and aniline at 25°C 
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and 150°C.  Three different approaches have been considered to describe the relative energies in 
solution: ∆ECPCM (∆Eelgas + ∆∆Gsolv), ∆GvCPCM (∆Eelgas + ∆EZPVEgas + ∆Evgas - T∆Svgas + ∆∆Gsolv) 
and ∆GCPCM (∆Hgas - T∆Sgas + ∆∆Gsolv), where ∆Evgas and ∆Svgas includes only the vibrational 
contribution and ∆∆Gsolv for each compound is the solvation free energy resulting from the C-
PCM calculation. The cation-anion association was found favourable in both solvents at the 
∆ECPCM and ∆GvCPCM levels, but nearly neutral at the ∆GCPCM level. Consideration of the 
associated salts has a drastic effect on the energy scheme but significantly changes the relative 
energies only when doubly charged complexes are involved. The energy changes for equilibria 
that involve only neutral or singly charged species are not greatly affected by the cation inclusion. 
The ∆GCPCM approach provides results in greater agreement with the available equilibrium data. 
 
 
Graphical Synopsis of Chapter 3. 
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Introduction 
 
As we have shown in the previous Chapter the experimental studies of the solution equilibria (in a 
variety of solvents at room temperature) backed up by the DFT study indicated that complex 
[PtBr3(C2H4)]- is the most stable species and that all other complexes mentioned above are thermally 
accessible by simple ligand exchange. Scheme 1 shows the relationship between all these different 
complexes. A roman numeral is used to describe the complexes in solution, corresponding to the Arabic 
number of the isolated compounds. While this may seem redundant for the neutral compounds, it is 
important to distinguish the free complexes in solution from the isolated compounds in the case of 
charged species (e.g.: 1 is the nBu4P+ salt of the dianion I). All the ethylene containing complexes – II, 
IV, V, VII and VIII – are therefore potential candidates for aniline nucleophilic addition. 
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trans-[PtBr2(ArNH2)(C2H4)]
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Scheme 1 
 
The above mentioned theoretical calculations were performed without consideration of the 
counterion for the anionic species, using the B3LYP functional and applying the C-PCM model1, 2 on the 
gas-phase optimized geometries. The solution behaviour was described on the basis of the ∆GCPCM 
parameter (∆Hgas - T∆Sgas + ∆∆Gsolv),3 which gave results in qualitative agreement with the experimental 
equilibrium studies. ∆∆Gsolv is the difference between the solvation free energy corrective terms for the 
products and the reactants. There are questions, however, related to the partial quenching of translational 
and rotational modes, as well as the (PV) term, upon going from the gas phase to a condensed state. The 
problem of the accurate calculation of enthalpies and entropies in solution is a major computational 
challenge and no universal solution is apparently available.4-6  A very common approach to the 
computational study of solution energetics involves the complete neglect of the gas phase thermochemical 
parameters (∆ECPCM = ∆Eelgas + ∆∆Gsolv), as this term is directly reported in the Gaussian output, but it 
should be noted that this approach mixes an electronic energy term with a free energy term and the result 
has no clear physical meaning. Another approach is based on the neglect of only the translational and 
rotational components of the gas phase entropy term (∆Hgas - T∆Svgas + ∆∆Gsolv), where ∆Svgas represent 
the vibrational component of the entropy change for the system optimized in the gas phase.7 Note, 
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however, that this term has also no precise relevance, because if we assume complete quenching of the 
translational and rotational components of the molecular motions upon going from the gas phase to the 
solution, then the translational and rotational components of the overall partition function should be 
removed. That is, the translational and rotational contributions to the thermal energy should also be 
neglected, as well as the PV term, not only the translational and rotational contributions to the entropic 
term. Note that equalizing enthalpy and energy in condensed phases is a common approximation. In this 
paper, we shall define a vibrational-only reaction free energy in solution, ∆GvCPCM = ∆Eelgas + ∆EZPVEgas + 
∆Evgas - T∆Svgas + ∆∆Gsolv, where the gas phase electronic energy term of the reaction, ∆Eelgas, is only 
corrected by the ZPVE term, ∆EZPVEgas, by the thermal vibrational contribution to the energy, ∆Evgas, by 
the vibrational entropic contribution, -T∆Svgas, and by the solvation free energy corrective term, ∆∆Gsolv. 
A general problem is also the use of gas-phase frequencies for the calculation of the thermochemical 
parameters, because solution-phase optimizations are often haunted by several convergence problems. 
Another complication in our system, however, is the energetic effect of cation-anion association (ion 
pairing). Salts are generally present in solutions of low dielectric constant solvents as associated species, 
which may be energetically stabilized not only by Coulombic forces but also be specific non covalent 
interactions (i.e. hydrogen bonds).  
We have therefore wondered how the agreement of the above mentioned different energy 
approaches (∆ECPCM, ∆GvCPCM and ∆GCPCM) would change after inclusion of the counterion in the 
calculations. The present contribution reports new theoretical studies (DFT/B3LYP) of the ionic 
complexes of Scheme 1 (I, I’, II and III) after inclusion of the cation, and new considerations on the 
agreement of the above mentioned approaches to the description of the solution equilibria involving 
species I-VIII.  
 
Computational methods 
 
All geometry optimizations were performed with the Gaussian03 suite of programs8 using the 
B3LYP functional which includes the three-parameter gradient-corrected exchange functional of Becke9 
and the correlation functional of Lee, Yang, and Parr which includes both local and non-local terms.10, 11 
In spite of several problems such as the underestimation of barrier heights, inaccuracy to describe weak 
interactions and overestimation of spin polarization, this functional was selected because it remains one of 
the most popular functionals used in transition metal computational chemistry.12 In addition, all molecules 
described in this work are diamagnetic and the paramagnetic excited states are expected to be at much 
higher energy, thus the RHF description is appropriate. The basis set chosen was the standard 6-31+G*, 
which includes both polarization and diffuse functions that are necessary to allow angular and radial 
flexibility to the highly anionic systems, for all atoms of type H, C, N, P and Br.  The Pt atom was 
described by the LANL2TZ(f) basis, which is an uncontracted version of LANL2DZ and includes an f 
polarization function and an ECP.13 The starting geometries for the calculations were those previously 
optimized for the free ion, after introduction of the cations at reasonable distances. Several relative 
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positions of the cation and anion were used as input geometry in each case, and only the lower energy one 
in solution is reported (the others were generally very close in energy, typically at < 1 kcal mol-1 from the 
most stable structure). Stability tests carried out on several molecules with the Gaussian03 default options 
showed stable wavefunctions in all cases. Frequency calculations were carried out for all optimized 
geometries in order to verify their nature as local minima and for the calculation of thermodynamic 
parameters at 298.15 K and at 423.15 K under the gas-phase and harmonic approximations.  For the 
calculation of GVCPCM of each compound (equal to Eelgas + EZPVEgas + Evgas – TSvgas + ∆GsolvCPCM), the (Eelgas 
+ EZPVEgas + Evgas) term was obtained as [Hgas(T) – 4RT] or [Hgas(T) – 2.5RT] for Br-, the corrective term 
consisting of 1.5RT for translation, 1.5RT for rotation (zero contribution to Br-), and RT for the PV 
term,14 whereas the Svgas term was read directly from the Gaussian output.  
 
Solvent effects were included by means of C-PCM single point calculations on the gas-phase 
optimized geometries.1, 2 Among various continuum solvent models, the C-PCM was selected because of 
its generally better performance,15-17 even though there remains an inherent error when working with 
charged species.15 The solvent cavity is created by a series of overlapping spheres by the default UA0 
model and all standard settings as implemented in Gaussian03 were used for the C-PCM calculations. 
Selected calculations have also been carried out with the IEF-PCM model18-22 (see Results and Discussion 
section).  The reaction free-energy changes in solution were corrected for the change of standard state 
from the gas phase (1 atm) to solution (1 M).23  
 
Results and discussion 
 
(a) Gas phase geometries 
Compounds 1, 2 and 3 were modelled by simplifying the nBu4P+ cation to the smaller PMe4+ 
(TMP), yielding systems (TMP)2I, (TMP)II and (TMP)III. The dianion [Pt2Br6]2- (I’) does not participate 
in the catalytic cycle. However, it was experimentally found to result from the slow transformation 
(25°C) of I in the absence of free bromide. Therefore, calculations on (TMP)2I’ were also carried out for 
comparison. For all the neutral complexes (IV-VIII) the geometries were already optimized in our 
previous Chapter.   
The gas phase optimized geometries of (TMP)2I, (TMP)2I’, (TMP)II, (TMP)III, and (TMP)Br are 
shown in Figure 1.  In general the addition of the cation does not significantly affect the geometry of the 
anionic complex, except for a minor Pt-Br bond shortening for I, I’, and the two Pt-Br bonds trans to 
each other in II and III, whereas the unique Pt-Br bond (trans to C2H4 in II and to PhNH2 in III) slightly 
lengthens (comparisons are shown in SI). In addition, while free I’ is planar, a slight bend across the 
Brbr···Brbr edge occurs for the geometry optimized in the presence of the two PMe4+ cations. This is 
certainly caused by the slightly asymmetric positioning of the two cations on the opposite sides of the 
dianion (see Figure 1) and by the soft nature of the potential energy surface along this bending mode, as 
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shown by the low frequencies of 13 and 33 cm-1 where this molecular motion participates (vibrationally 
coupled with cation modes).  
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Figure 1. Optimized geometries of the ion pairs used in this study. The closer cation-anion contacts are 
highlighted by dotted lines with the distances reported in Ångstroms.  
 
The cation-anion interactions are established through hydrogen bonds between the methyl C-H 
bonds as proton donors and the bromide anion or the bromido ligands for all the anionic complexes as 
proton acceptors. These are relatively weak interactions (the shortest H···Br distances are ca. 2.61 Å). For 
compounds (TMP)2I’ and (TMP)III, short interactions with the metal center (C-H···Pt) were also 
observed. A comparison of the normal modes in the presence and absence of the cation reveals a 
correlation between the frequency shift and the bond length changes, with the greater shift (18 cm-1 to 
higher frequency) being observed for the Eu out-of-phase Br-Pt-Br stretching vibration in I.  Certain Pt-Br 
stretching modes also reveal vibrational coupling with the cation vibrations. The cation effect on the 
calculated frequencies has also been analyzed in a recent contribution for the Me3SiO-K+ salt.24 The 
extrapolation of these results to the real nBu4P+ salts clearly involves approximations related to the steric 
and inductive effects of the nBu group and to the possibility that other C-H bonds of the nBu chains also 
participate in the cation-anion interactions. It is likely that the nBu4P+ cation also interacts with the anion 
through the α C-H bonds, since these should have the greater acidic character being closer to the 
positively charged P atom.   
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(b) Ion pairing energies 
Since the equilibrium studies reported in our previous Chapter were carried out in dichloromethane 
at room temperature, the C-PCM calculations were also carried out in this solvent, as single point 
calculations on the gas-phase optimized geometries. An approximation is related to use of this procedure, 
since the best geometry could in principle change upon going from the gas phase to a condensed phase. 
However, a recent test carried our in our group for ion pairs of type [Cp*Mo(PMe3)2(CO)H2]+[BF4]- has 
shown insignificant changes when the geometry was reoptimized with the C-PCM in either THF or 
dichloromethane. The internal geometries of the ions were practically unaffected, whereas the cation-
anion interactions became slightly looser, but the effect on the energy was in each case below 0.2 kcal 
mol-1 relative to the corresponding fixed-point C-PCM calculations on the gas-phase optimized 
geometries.25 Considering also the convergence problems that are frequently associated with the geometry 
optimizations in the presence of a C-PCM, we opted to use only the gas-phase optimized geometries.  The 
thermal and entropy corrections to the gas phase electronic energies were done at 298.15 K to allow 
comparison with the experiment. C-PCM calculations were also run in aniline at 298.15 K and at 423.15 
K. These cannot be compared with experimental results, but are useful for prediction purposes because 
the catalytic experiments are run in aniline at 150°C. Therefore, they are only provided in the Supporting 
Information. Calculations of solvation free energies on specific neutral, cationic and anionic species were 
also carried out with the IEF-PCM model (see Table 1). These showed very small changes, < 0.5 kcal 
mol-1 in most cases, with the notable exception of the PMe4+Br- ion pair (difference of ca. 1 kcal mol-1). 
The combination of these solvation energy changes for reactants and products in the ion pairing (equation 
1) and ligand exchange (equation 7) processes described later yields only minimal energy effects (< 1 
kcal mol-1 under all three approaches, ∆ECPCM, ∆GvCPCM or ∆GCPCM). 
 
Table 1. Solvation free energies for selected species in CH2Cl2 at 298.15 K under different continuum 
model approaches. 
 
Species ∆GsolvCPCM, kcal mol-1 ∆GsolvIEFPCM, kcal mol-1 
PMe4+ -37.16 -36.88 
C2H4 1.79 1.88 
PMe4+Br- -16.25 -15.21 
Br- -58.93 -58.93 
[PtBr3(C2H4)]- -39.51 -39.01 
[PtBr4]2- -149.52 -148.97 
 
It is first useful to analyze the outcome of the three different approaches to describe the energetic of 
the ion pair formation. The processes of interest are outlined in equations 1-5 and the results are reported 
in Table 2.  The ∆ECPCM data show that the association is more favourable as expected for the 2:1 salts 
than for the 1:1 salts. This trend remains valid at the ∆GvCPCM level. A more detailed analysis reveals an 
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interesting trend.  On going from ∆ECPCM to ∆GvCPCM, the difference between them being the 
∆(EZPVEgas+Evgas–TSvgas) term, the change is very small for the Br- system (-0.6 kcal mol-1), intermediate 
for the other 1:1 salts (-5.8 kcal mol-1 for II and -5.1 kcal mol-1 for III) and greater for the 2:1 salts (-10.4 
kcal mol-1 for I and -13.1 kcal mol-1 for I’).  The major cause for this trend is the difference of the ∆Svgas 
term, which is also reported for convenience in Table 2.  All the ∆Svgas terms are positive, because a 
number of new low-frequency vibrational modes in the product (related to the relative movement of the 
cation and anion with respect to each other) are generated from translational and rotational modes in the 
reagents. For the bromide salt, the separated ions have 9 translational and rotational modes (no rotational 
modes for the spherical Br- ion), thus only 3 new vibrational modes are generated in the ion pair. For the 
salts of II and III, both separate ions have 6 non-vibrational modes, thus 6 new vibrational modes result 
in the product. Finally, for the 2:1 salts of I and I’, the product contains 12 additional vibrational modes 
relative to the separate ions. Indeed, the value of ∆Svgas is roughly proportional to the number of new 
vibrational modes. The actual values are of course determined by the frequencies of the new vibrational 
modes, as well as from the frequency changes in the other modes.  
 
Br- + PMe4+   Æ   (PMe4)Br (1) 
[PtBr4]2- + 2 PMe4+   Æ  (PMe4)2[PtBr4] (2) 
 I (TMP)2I 
[Pt2Br6]2- + 2 PMe4+   Æ  (PMe4)2[Pt2Br6] (3) 
 I’ (TMP)2I’ 
 [PtBr3(C2H4)]- + PMe4+   Æ  (PMe4)[PtBr3(C2H4)] (4) 
 II (TMP)II 
 [PtBr3(PhNH2)]- + PMe4+   Æ  (PMe4)[PtBr3(PhNH2)] (5) 
 III (TMP)III 
 
Table 2. Relative energies changes for the ion pair formations at 298.15 K in dichloromethane. 
Anionic system ∆ECPCM ∆GvCPCM ∆GCPCM ∆Svgas 
 kcal/mol kcal/mol kcal/mol e.u. 
Br- (equation 1) -8.1 -8.7 -2.5 8.8 
I (equation 2) -24.5 -34.9 -5.9 53.2 
I’ (equation 3) -18.3 -31.4 -0.7 65.3 
II (equation 4) -7.2 -13.0 1.5 30.4 
III (equation 5) -7.6 -12.7 2.4 28.2 
 
On going from ∆GvCPCM to ∆GCPCM, on the other hand, the association becomes nearly ergoneutral 
for all salts. The major difference between these two parameters corresponds to the ∆(–TStransgas–TSrotgas) 
term, which is much greater for the 2:1 salts (10.2, Br-; 18.4, II; 19.1, III; 37.0, I; 38.7, I’; all values are 
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in kcal mol-1), plus a smaller term due to ∆(Etrgas+Erotgas+PV). This trend is related to the loss of a greater 
number of translational and rotational modes in the order Br- (3) < II,III (6) < I, I’(12).  
The question now revolves around which approach yields results in better agreement with the 
experiment.  We do not have quantitative values for the experimental association constants of these salts 
in dichloromethane, but values for similar salts are available in the literature. For simple bromide salts in 
dichloromethane, relevant values are 2.5(2)·104 for nBu4NBr,26 6.6(1)·104 or 8.0(5)·104 for Et4NBr,26,27   
3.9·103 for Ph4AsBr28 and 1.2·103 for [PPN]Br.26 Note the cation dependence, the values of the 
ammonium salts being greater than those of the bulkier Ph4As+ and PPN+ salts. We can predict 
intermediate values for the nBu4P+ salt, i.e. ~104.  For 1:1 salts of similar size to 2 and 3, relevant values 
in dichloromethane are 1.94·104 for Et4N[FeBr4],29 4.25·103 for Ph4As[FeBr4],29 6.8·104 and 1.8·104 for 
the PF6- and BPh4- salts of [Pt(tmda)(Me2SO)Cl]+,30 and 3.8(3)·103 for [Cp*2Fe]PF6. The association 
constants for the nBu4P+ salts of II and III could also be reasonably estimated as being greater than 103. 
We could not find data for 2:1 salts in dichloromethane. For equilibrium constants of 103 and 104 at 298 K, 
the corresponding ∆G°298 is -5.5 and -4.1 kcal mol-1, respectively.  
Comparison between these ∆G values and the results in Table 2 shows that, as could be expected, 
the anticipated experimental results lay in-between the ∆GCPCM and ∆GvCPCM values.  In other words, a full 
gas-phase entropy correction overshoots the solution ∆G value. On the other hand, because of the above 
discussed transformation of translational and rotational modes into vibrational modes, the vibrational 
entropy term  (-T∆Sv) yields a negative correction for this particular ion association process, thus the 
∆ECPCM values are placed in-between the ∆GvCPCM and ∆GCPCM values for all salts. These ∆ECPCM values 
appear to be in closer agreement with the expected experimental values than the values of either the 
∆GvCPCM of the ∆GCPCM approach, at least for the 1:1 salts (TMP)II and (TMP)III.  Therefore, use of 
∆ECPCM values for the evaluation of ion pairing equilibria, at least for 1:1 salts, should not give results far 
off reality in general.   
 
(c) Application to the solution equilibria.  
The relative ∆GCPCM values for species I-VIII were already reported and discussed in our previous 
Chapter, but no analysis of the corresponding ∆ECPCM and ∆GvCPCM was offered. For this reason, the 
complete set of values for these species according to the three models is given in Figure 2 for the 
dichloromethane solution. The calculation of the energy value in each case takes into account all species 
consumed and produced starting from the reference system I, as outlined in equations 6-11. The 
corresponding diagrams in aniline at 25° and 150°C are presented in SI. The data are presented according 
to the synthetic strategy. Starting from I and I’ in the center, addition of ethylene or aniline leads to II 
(right) and III (left). Then, complex IV, VII and VIII, shown further on the right, are obtained or can be 
imagined to result from the addition of aniline or ethylene to II, whereas complexes V and VI, further to 
the left of I, are obtained by addition of ethylene or aniline to complex III.  
 
2 [PtBr4]2-  Æ [Pt2Br6]2- + 2 Br- (6) 
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 I I’ 
[PtBr4]2-  +  C2H4   Æ  [PtBr3(C2H4)]- + Br- (7) 
 I II 
[PtBr4]2-  +  PhNH2   Æ   [PtBr3(PhNH2)]- + Br- (8) 
 I III 
[PtBr4]2-  + C2H4  +  PhNH2  Æ  [PtBr2(C2H4)(PhNH2)] + 2 Br- (9) 
 I IV(trans), V(cis) 
[PtBr4]2-  + 2 PhNH2  Æ  cis-[PtBr2(PhNH2)2] + 2 Br- (10) 
 I VI 
[PtBr4]2-  + 2 C2H4  Æ  [PtBr2(C2H4)2] + 2 Br- (11) 
 I VII(trans), VIII(cis) 
-13.4
I IIIII I’VVI VII VII’ VIII
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-13.1
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Figure 2.  Energy diagram for the ∆ECPCM (plain lines), ∆GvCPCM (dashed lines), and ∆GCPCM (dotted 
lines) approaches for the anionic model in dichloromethane at 25°C. All values are reported in 
kcal mol-1 relative to I. Species VII’ is a different conformer of VII, where one C2H4 ligand 
has the C-C axis coplanar with the coordination plane. 
 
For all complexes, except for I’, ∆GCPCM > ∆GvCPCM and generally ∆GvCPCM > ∆ECPCM (except for I’, 
III and VI). The ∆GvCPCM and ∆ECPCM values are relatively close to each other, whereas ∆GCPCM is 
significantly greater. This reflects the fact that, for most of the equations 6-11, ∆Svgas and ∆(Stransgas+Srotgas) 
are negative and the former is smaller than the latter. The ∆(Etrgas+Erotgas+PV) term gives a zero 
contribution to all reactions with equal number of species on the reactants and products sides, and the 
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∆Evgas term is small. Equation 6, where the molecularity increases, is the only one where both 
∆(Stransgas+Srotgas) and ∆Svgas are positive. The same trends are observed in aniline (see SI). The lowest 
energy species is complex IV according to the ∆ECPCM and ∆GvCPCM approaches, while complex II is most 
stable within the ∆GCPCM approach.  
The energies differences between different neutral compounds are not affected by the presence of 
the counterion. Hence, they can already be analyzed on the basis of the results in Figure 2. For instance, 
for the mixed ligand system [PtBr2(C2H4)(PhNH2)] the trans isomer has a lower energy than the cis (IV < 
V) by 2.0 kcal mol-1 for all energy models. This agrees with the experimental evidence reported in the 
previous Chapter. On the other hand, the cis isomer has a lower energy than the trans for the PtBr2(C2H4)2 
system (VIII < VII; 2-3 kcal mol-1 depending on the energy model). This is consistent with the 
experimental evidence reported for the related dichloride system.31, 32 The neutral ligand exchange 
processes leading from the mixed-ligand complexes [PtBr2(C2H4)(PhNH2)] (IV and V) to the dianiline 
(VI) or diethylene (VII and VIII) complexes are unfavourable for all energy models. This is again 
consistent with the experimental evidence, since addition of ethylene to III stops at V and addition of 
aniline to II stops at IV. As it can be appreciated, solvation entropy plays a very minor role in these 
equilibria between neutral species, because the same number of molecules appears on each side. Hence, 
all approaches reproduce equally well the experiment.  
Combination of the ion pairing energies of Table 2 with the relative energies shown in Figure 2 for 
the solution equilibria of equations 6-11 yields the results summarised in Figure 3 for dichloromethane at 
25°C, where the system used as reference is (TMP)2I. The same schemes in aniline solution at 25°C and 
150°C are presented in SI. The processes leading to the species of interest are the same ones already 
outlined in equations 6-11, but with all charged species in the associated form with the PMe4+ cation.  
The association of the ionic complexes with the PMe4+ cation has a drastic effect on the energy 
scheme, cf. Figure 2 and Figure 3. The ion association process (see Table 2) has the effect of stabilizing 
all charged species, but the more highly charged species benefit from a greater stabilization. The three 
monoanionic species (complexes II and III and the Br- ion) are stabilized by approximately the same 
amount, especially at the ∆ECPCM level, whereas the stabilization of the dianionic complexes is worth 
more than twice as much on the ∆ECPCM and ∆GvCPCM scales. Therefore, the energy values for all 
equilibria relating a monoanionic complex with a neutral complex (with release of a Br- ion) are not 
affected very much, whereas the equilibria relating the doubly charged species I with the singly charged 
species II and III or with the neutral species are strongly affected by ion pairing at the ∆ECPCM and 
∆GvCPCM levels. On the other hand, the picture changes relatively little at the ∆GCPCM level because the 
∆GCPCM values of all ion association equilibria (Table 2) are close to zero. Hence, the relative stabilization 
of all compounds (except I’) relative to I are greatly reduced on the ∆ECPCM and ∆GvCPCM scales but not as 
much on the ∆GCPCM scale (cf. Figure 2 and Figure 3) and consequently ∆GvCPCM >> ∆GCPCM > ∆ECPCM for 
all compounds, except I’, relative to compound (TMP)2I.  The process leading from (TMP)2I to (TMP)2I’ 
transforms two doubly charged species to a new dianionic species and two monoanionic ones. The result 
is a great destabilization on the ∆ECPCM and ∆GvCPCM scales.  
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Figure 3.  Energy diagram for the ∆ECPCM (plain lines), ∆GvCPCM (dashed lines), and ∆GCPCM (dotted 
lines) approaches for the neutral model in dichloromethane at 25°C. All values are reported in 
kcal mol-1 relative to (TMP)2I. 
 
The ion pair model of Figure 3 entails small qualitative changes relative to the free ion model of 
Figure 2 concerning the nature of the most stable species in solution: the ∆GCPCM approach now suggests 
a greater stability for complex IV, whereas it favoured II under the free ion model, while the ∆GvCPCM 
approach now slightly favours (TMP)II, whereas it favoured IV under the free ion model. However, the 
difference between (TMP)II and IV is only 0.6 kcal/mol in favour of the latter (∆GCPCM) or 0.4 kcal/mol 
in favour of the former (∆GvCPCM). Recall that the experimental studies indicate a greater thermodynamic 
stability for compound 2 (equilibrium 12 is largely shifted to the left). This result would seem better 
reproduced by the ∆GvCPCM approach for the neutral model and by the ∆GCPCM approach for the ionic 
model.  
 
(nBu4P)[PtBr3(C2H4)] + PhNH2     trans-[PtBr2(C2H4)(PhNH2)]+ (nBu4P)Br (12) 
 2 4 
 
It is also useful to recall the other experimental results relating ionic and neutral species, or ionic 
species of different charge, and compare them with the computational results in Figure 2 and Figure 3. 
Compound 2 is stable relative to 1 in the presence of excess (nBu4P)Br, but a certain amount of 1 was 
generated unless a protected atmosphere of ethylene was present.  This suggests that equilibrium 13 is 
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largely shifted to the left hand side, but the free energy difference cannot be more than a few kcal mol-1. 
Similarly, equilibrium 14 is also largely shifted toward the left hand side because addition of excess 
(nBu4P)Br to 3 resulted in only minor transformation to 1. It is difficult to make estimations because the 
experimental evidence was only qualitative with no accurate determination of the equilibrium 
concentrations. However, the large stabilization predicted for II and III relative to I by the ionic model 
(Figure 2) should lead to no significant formation of 1 from either 2 or 3 under essentially any conditions. 
The energy differences shown in Figure 3 seem more reasonable, confirming the importance of the 
cation-anion associations in the energy calculations.  
 
(nBu4P)[PtBr3(C2H4)] + (nBu4P)Br        (nBu4P)2[PtBr4]  + C2H4 (13) 
 2 1 
(nBu4P)[PtBr3(PhNH2)] + (nBu4P)Br        (nBu4P)2[PtBr4]  + PhNH2 (14) 
 3 1 
 
Equilibrium 15 between compounds 2 and 5 was found displaced toward the left hand side, 
although the conversion of 5 to 2 in the presence of a slightly substoichiometric amount of (nBu4P)Br did 
not lead to complete bromide consumption (Chapter 2) (this study was carried out in DFM due to the 
insolubility of 5 in dichloromethane). Equilibrium 16 between compounds 3 and 6 was also found 
displaced toward the left hand side, in this case with apparent quantitative conversion of 6 to 3. These 
results are consistent for the ionic model only under the ∆GCPCM approach, whereas the neutral model 
predicts the correct result for both equilibria under both approaches (∆GCPCM and ∆GvCPCM).   
 
(nBu4P)[PtBr3(C2H4)] + PhNH2        cis-[PtBr2(C2H4)(PhNH2)]  + (nBu4P)Br (15) 
 2 5 
(nBu4P)[PtBr3(PhNH2)] + PhNH2        cis-[PtBr2(PhNH2)2]  +  (nBu4P)Br (16) 
 3 6 
 
Finally, equilibrium 17 appears displaced toward the left but not by a large amount, because a small 
amount of 1’ was spontaneously generated upon prolonged standing from dichloromethane solutions of 1 
in the absence of free bromide. As shown in Figure 2, the free ion model would predict an essentially 
quantitative conversion of 1 to 1’, whereas the ion pair model of Figure 3 can be reconciled with the 
experiment, under the logical assumption of a partial quenching of the translational and rotational 
components of the reaction entropy. 
 
2 (nBu4P)2[PtBr4]        (nBu4P)2[Pt2Br6]  + 2 (nBu4P)Br (17) 
 1 1’ 
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In summary, the utility of the associated salt model is evident for the description of the equilibria 
involving highly charged species. When only monocharged species are involved, roughly speaking, both 
the free ion and the ion pair models describe the solution equilibria with acceptable accuracy, but only 
when the thermochemical parameters (PV and –TS) are introduced to some degree. The ∆ECPCM approach, 
although apparently the best one to describe the ion association equilibria, does not yield results in 
agreement with experiment for the ligand exchange equilibria (except for the equilibria relating neutral 
species).  Concerning the best approach for handling the solution entropy problem, conventional wisdom 
suggests that the real solution must lay in-between the ∆GCPCM and ∆GvCPCM solutions and the qualitative 
comparison of the computational results according to the ion pair model with the available equilibria 
shows that this is indeed the case.  At a very qualitative level, it seems that the experimental result lies 
closer to the ∆GCPCM prediction than to the ∆GvCPCM prediction for equilibria involving large changes in 
charge localization (ion associations for 1:1 salts in Table 2 and equilibrium 17). This amounts to saying 
that there is no significant quenching of the translational and rotational modes of the various compounds 
on going from the gas phase to the dichloromethane solution. Otherwise stated, these modes are 
transformed to very active (low frequency) librations in the solvent cage, greatly contributing to the free 
energy of the system.   
It is not possible to exclude, however, that the shortcoming of various approximations used in the 
computations lead to systematic errors in favour of ∆GCPCM approach. Amongst these approximations, we 
can mention the inaccuracy of the harmonic approximation, use of Me4P+ as a model of nBu4P+, use of 
gas-phase optimized rather than solution-phase optimized geometries, and the nature of the functional. 
However, one additional approximation that might turn out to affect significantly the quality of the 
calculations is the total neglect of specific interactions (notably hydrogen bonding) between the reagents 
participating in the considered equilibria with each other and with solvent molecules.  For instance, the 
free aniline and the aniline ligand coordinated to III in equilibrium (8) can serve as proton donors in 
hydrogen bonding with the bromido ligands of I and III and with the free bromide ion. Similar effects 
would operate on equilibria 9 and 10.   
 As a final remark, the investigation of the platinum-catalyzed hydroamination by aniline 
potentially involves several platinum complexes as intermediates and off-loop species, some of which 
may be neutral, others anionic. Insofar as these species have a single negative charge, the use of the ionic 
model seems to provide relevant results, while the participation of doubly charged anions may require a 
more elaborate study using the associated species. It should be mentioned that other theoretical studies 
have reported the need to include the counterion. Most typically, the counterion in these previous 
contributions interacts with the catalytic system by coordinating the metal (e.g. F- or Cl-)33, 34 or assists 
intramolecular rearrangement steps (e.g. proton transfer by TfO-)35 and thus changes the nature of the 
catalytic resting state and/or transition state of the rate determining step. Great attention has been devoted 
to the control of the structure and relative stability of dormant species and transition states in 
polymerization catalysis,36-47 while other studies address the orientation or steric influence of the 
counterion for other types of potential catalytic sites.48-50 In our case, the nBu4P+ cation should in 
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principle not play any role other than ion pairing. The explicit effect of the counterion on the relative 
energetics through cation-anion association equilibria in relation with catalytic processes does not appear 
to be systematically investigated.  
 
Conclusions 
 
The availability of solution equilibrium information relating neutral and charged PtII complexes 
(precatalysts, intermediates or off-loop species for the ethylene hydroamination by aniline) has given us 
the opportunity to test the accuracy of various energy approaches within the C-PCM model for their 
description. Consideration of the cation-anion association in the low permittivity dichloromethane and 
aniline solvents has drastic effect on the energy scheme in comparison to the free ion model, although 
practically no effect is observed on the geometries and frequencies of the anionic complexes. 
Consideration of ion pairing is essential for equilibria involving highly charged anionic complexes (< -1), 
whereas those implicating only neutral and singly charged species are described reasonably well by both 
the free ion and ion pair models. The most important point is the inadequacy of the common ∆ECPCM 
(∆Eelgas + ∆∆Gsolv) approach, whereas models that introduce the gas phase thermodynamic parameters, 
∆GvCPCM and ∆GCPCM, provide results in better agreement with the experimental results. However, the 
∆ECPCM gives better estimates for the solution free energy of the ion pairing process. The correct handling 
of the solute translational and rotational partition function for accurate calculation of solution equilibrium 
positions is one of the outstanding challenges for computational chemistry. The additional complication 
of ion pairing equilibria adds another dimension to the complexity of the calculation, but the present 
contribution shows that relatively significant results can be obtained.  We believe that extensive 
benchmarking using simple ion pairing equilibria that are experimentally well determined at the 
quantitative level can be of great help for the analysis of the partially quenched translational and 
rotational motions of solutes.   
In terms of our exploration of the PtII-catalyzed hydroamination mechanism and more specifically 
the investigation of the high-energy portion of the catalytic cycle, the results presented in the present 
contribution will be of guidance for the selection of the most suitable computational approach. This 
investigation is currently ongoing and the results will be reported in due course.  
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Résumé du Chapitre 4. 
 
Une étude DFT au niveau quanto-mécanique sans simplification du système et avec l'inclusion 
des effets de solvatation de l'aniline comme solvant a été consacrée à l’addition de l'aniline sur 
l'éthylène catalysée par PtBr2/Br-. L'état de repos du cycle catalytique est le complexe 
[PtBr3(C2H4)]- (II). Un cycle impliquant l'activation de l'aniline par addition oxydante NH est 
énergétiquement défavorable. Le cycle opérationnel implique l'activation de l'éthylène, suivie par 
l'addition nucléophile de l'aniline à l'éthylène coordinné, le transfert intramoléculaire du proton 
du groupement ammonium au centre métallique pour générer un intermédiaire pentacoordonné 
(16 - électrons) PtIV-H et l’élimination réductrice du produit PhNHEt. Plusieurs complexes 
d'éthylène de faible énergie, à savoir trans et cis-PtBr2(C2H4)(PhNH2)  (IV et V) et trans et cis-
PtBr2(C2H4)2 (VII et VIII) peuvent subir l’addition d'aniline nucléophile pour conduire à des 
intermédiaires zwitterioniques. Toutefois, seul [PtBr3CH2CH2NH2Ph]- (IX) provenant de 
l’addition de PhNH2 sur II est l'intermédiaire productif. Il transfère facilement un proton à 
l'atome de Pt pour former [PtHBr3(CH2CH2NHPh)]- (XX), ce qui conduit à l’étape cinétiquement 
déterminante d’élimination réductrice CH par l’état de transition TS(XX-L), avec formation du 
complex σ [PtBr3(k2:C,H-HCH2CH2NHPh)]- (L). A partir de L le produit peut être libéré par 
substitution de ligand avec une nouvelle molécule de C2H4 pour régénérer II. Les complexes 
hydrures de PtIV saturé (18-électrons), obtenus par addition de ligand ou par la chélation du 
ligand aminoalkyle, libérent le produit par des chemins à plus haute énergie. D'autres voies à 
partir des intermédiaires zwitterioniques ont également été étudiés (déprotonation 
intermoléculaire de l’azote suivie par la protonation au carbone ou par la chélation pour produire 
des dérivés azacyclobutanes de platine(II); transfert de proton intramoléculaire de N à C, soit 
directement, soit assisté par une molécule d'aniline externe), mais toutes conduisent à des 
intermédiaires de haute énergie ou bien au même état de transition TS (XX-L) de l’étape 
déterminante. 
 
Abstract of Chapter 4. 
 
A full QM DFT study without system simplification and with the inclusion of solvation effects in 
aniline as solvent has addressed the addition of aniline to ethylene catalyzed by PtBr2/Br-. The 
resting state of the catalytic cycle is the [PtBr3(C2H4)]- complex (II). A cycle involving aniline 
activation by N-H oxidative addition was found energetically prohibitive. The operating cycle 
involves ethylene activation followed by nucleophilic addition of aniline to the coordinated 
ethylene, intramolecular transfer of the ammonium proton to the metal center to generate a 5-
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coordinate (16- electron) PtIV-H intermediate, and final reductive elimination of the PhNHEt 
product. Several low energy ethylene complexes, namely trans- and cis-PtBr2(C2H4)(PhNH2) 
(IV and V) and trans- and cis-PtBr2(C2H4)2 (VII and VIII) are susceptible to aniline 
nucleophilic addition to generate zwitterionic intermediates. However, only 
[PtBr3CH2CH2NH2Ph]- (IX) derived from PhNH2 addition to II is the productive intermediate. It 
easily transfers a proton to the Pt atom to yield [PtHBr3(CH2CH2NHPh)]- (XX), which leads to 
rate-determining C-H reductive elimination through transition state TS(XX-L) with formation of 
the σ-complex [PtBr3(k2:C,H-HCH2CH2NHPh)]- (L), from which the product can be liberated 
via ligand substitution by a new C2H4 molecule to regenerate II.  Saturated (18-electron) PtIV 
hydride complexes obtained by ligand addition or by chelation of the aminoalkyl ligand liberate 
the product through higher energy pathways. Other pathways starting from the zwitterionic 
intermediates were also explored (intermolecular N deprotonation followed by C protonation or 
chelation to produce platina(II)azacyclobutane derivatives; intramolecular proton transfer from N 
to C, either direct or assisted by an external aniline molecule) but all gave higher-energy 
intermediates or led to the same rate determining TS(XX-L).  
 
Graphical Synopsis of Chapter 4. 
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Introduction 
 
In the previous Chapters we presented the synthesis, characterization, and equilibrium studies, 
backed up by DFT calculations, of a few Pt(II) complexes that are likely to be implicated in this PtBr2-
catalyzed process either as intermediates or as off-loop equilibrium species. Starting from K2PtCl4 or 
KPtCl3(C2H4)·H2O (Zeise’s salt), compounds (nBu4P)2[PtBr4] (1), (nBu4P)2[Pt2Br6] (1’), 
(nBu4P)[PtBr3(C2H4)] (2), (nBu4P)[PtBr3(PhNH2)] (3), trans-[PtBr2(C2H4)(PhNH2)] (4), cis-
[PtBr2(C2H4)(PhNH2)] (5), and cis-[PtBr2(PhNH2)2] (6) have been isolated under different conditions in 
the presence of ethylene and aniline and fully characterized. The relative free energy of all species in 
solution under catalytic conditions has also been assessed from combined experimental and 
computational studies, showing that 2 is the most stable complex under catalytic conditions. The 
bis(ethylene) complexes trans- and cis-[PtBr2(C2H4)2] (7 and 8) were not isolated (analogous 
[PtCl2(C2H4)2] complexes have previously been described1-3), but the calculations show their energetic 
accessibility under catalytic conditions. Therefore, all above-mentioned PtII-ethylene species are qualified 
candidates for the nucleophilic attack by aniline and need to be considered for the subsequent steps of the 
catalytic cycle because they are all present in equilibrium concentrations according to their relative free 
energy. On the basis of these studies, the initial part of the catalytic cycle has been revised as shown in 
Scheme 1.  
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+ArNH2
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[PtBr4]2-
[PtBr3(C2H4)]-
trans-[PtBr2(ArNH2)(C2H4)]
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+CH2=CH2
-Br-
cis-[PtBr2(ArNH2)(C2H4)]
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-ArNH2
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Scheme 1.  Revised initial part of the PtBr2-catalyzed ethylene hydroamination mechanism.  
 
Attempts to experimentally observe zwitterionic intermediates failed (see Chapter 2), no reaction 
between complexes 2, 4 or 5 and aniline (other than ligand exchange for 2 and aniline self-exchange for 
4) taking place under conditions suitable to NMR monitoring, which suggests either a high relative 
energy for these zwitterionic complexes or a high nucleophilic addition barrier. Since the identity of the 
proposed intermediates after nucleophilic addition could not be verified experimentally, we have recurred 
to the computational method to elucidate the remaining mechanistic details of this catalytic cycle. The 
above-mentioned computational investigation using complex [PtCl(PH3)2]+ as a model for the catalyst and 
NH3 for the amine4 cannot be extrapolated to the Brunet catalytic system, because the nature of the amine 
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(in particularly its basicity) plays a determining role in the nucleophilic addition energetics and because 
the Brunet system was shown to be activated by excess bromide, which would be incompatible with the 
presence of electronically unsaturated cationic species, and to be poisoned by the presence of 2 
equivalents of a phosphine ligand.5, 6 Therefore, our computational investigation was accomplished on the 
real catalytic system. As mentioned above, the PtX2/X- system was found most active for X = Br. 
Therefore, the calculations are restricted to this halide. An investigation of how the energetics of the 
catalytic cycle is affected by the nature of X is planned for the near future.  
 
Computational Details 
 
All geometry optimizations were carried out by the DFT approach with the Gaussian03 suite of 
programs7 using the B3LYP functional.8-10 In spite of a few problems pointed out for this functional,11 it 
was selected because it remains one of the most popular functionals used in transition metal 
computational chemistry. One of the apparent problems is an overestimation of spin polarization, but all 
molecules described in this work are diamagnetic with the paramagnetic excited states expected at much 
higher energy, thus the RHF description is appropriate. All atoms except Pt were described by the 
standard 6-31+G* basis set, which includes both polarization and diffuse functions that are necessary to 
allow angular and radial flexibility to the highly anionic systems. The Pt atom was described by the 
LANL2TZ(f) basis, which is an uncontracted version of LANL2DZ and includes an f polarization 
function and an ECP.12 The geometry optimizations were carried out on isolated molecules in the gas 
phase. Frequency calculations were carried out for all optimized geometries in order to verify their nature 
as local minima, for the calculation of thermodynamic parameters at 298.15 K and at 423.15 K under the 
ideal gas and harmonic approximations, and for the identification of all transition states (one imaginary 
frequency). Solvent effects were introduced by means of C-PCM13, 14 single point calculations on the gas-
phase optimized geometries in aniline (ε = 6.89), which was considered to best approximate the reaction 
solvent. Among various continuum solvent models, the C-PCM was selected because of its generally 
better performance,15-17 even though there remains an inherent error when working with charged species.15 
The solvent cavity was created by a series of overlapping spheres by the default UA0 model (or 
SPHEREONH for the delocalised proton atoms) and all standard settings as implemented in Gaussian03 
were used for the C-PCM calculations. The reaction free-energy changes in solution were corrected for 
the change of standard state from the gas phase (1 atm) to solution (1 M).18 The approach of optimizing 
the geometries in the gas phase and then keeping the geometry frozen for the C-PCM calculation was 
preferred because of the known convergence problems of the geometry optimization in the presence of 
the C-PCM, especially for molecules containing weak interaction (i.e. hydrogen bonds). The size of the 
present computational investigation (~ 240 optimizations) imposed a too heavy burden under the more 
rigorous approach. The impact of the approximation was estimated by comparing the two approaches for 
two test cases (see details in the Supporting Information): C-PCM optimizations gave slightly lower free 
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energies (ca. 2 kcal mol-1) and slightly shorter (ca. 0.03 Å) hydrogen bonds, whereas the covalent bonds 
changed by < 0.01 Å.  
 
Results  
 
As is well appreciated, the appropriate description of the reaction energetics for a catalytic reaction 
must consider solvent effects.19 The present study makes use of the C-PCM approach13, 14 in aniline, 
which is both the substrate and the medium of the catalyzed transformation. When charged species are 
involved in solvents of low permittivity, ion pairing may also tune the potential energy surface. A recent 
study of this platinum system (notably reactions that involve compounds 1, 2 and 3) has explicitly 
addressed the effect of the countercation in the calculations of reaction energetics, as well as the adequacy 
of different approaches for handling the free energy of solvation when placing the gas-phase optimized 
molecule into the solvent cage (see Chapter 3). Indeed, upon going from the gas phase to the solution 
phase the translational and rotational contributions to the partition function are partially quenched, as well 
as the PV term which relates energy and enthalpy. No universal agreement exists on the best 
thermodynamic correction of the computed electronic energy to yield the free energy of solutes in 
condensed media. The inclusion of the countercation introduced significant ion pairing effects in the order 
dianion >> monoanion. Relative changes for ligand exchange reactions, however, were smaller, 
especially when the reaction under consideration did not involve doubly charged species. Both effects of 
introducing the counterion, on one side, and completely neglecting the gas phase entropy term, on the 
other side, introduced relative changes of up to a few kcal mol-1 for the reaction energetics. As a possible 
result of compensation of errors, the best match with the experimental results was obtained when 
applying the full gas phase thermodynamic correction (∆GCPCM = ∆Ggas + ∆∆Gsolv where ∆Ggas is the free 
energy change of the reaction in the gas phase and ∆Gsolv is the free energy of solvation for each 
compound), without the inclusion of the countercation. This approach will therefore be applied also to the 
present investigation. Since the reaction pathway that will be explored involves exclusively singly 
charged and neutral species, and on the basis of the relatively good agreement found and described in the 
previous Chapters, the computed free energies reported in this contribution for intermediates and 
transition states provide at least an indication of the preferred pathway of the catalytic cycle, although a 
quantitative estimation of accuracy is not possible.   
All computed systems are labelled with Roman numerals. Views of all the optimized geometries 
are given in the Supporting Information (Figure S1), although the most relevant structures will also be 
shown within the main text. For complexes corresponding to the isolated compounds (1-6), the numbers 
correspond; for instance, the [PtBr4]2- ion of compound 1 is given label I, the [PtBr3(C2H4)]- ion of 
compound 2 is labelled as II, etc. All geometry optimizations were carried out without any simplification 
(all atoms were treated quanto-mechanically). The thermal corrections were carried out at the standard 
298.15 K temperature and at 423.15 K (temperature used for the catalytic runs).5, 20, 21 As the temperature 
dependence is generally very small, only the standard values will be discussed while those at 423.15 K 
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will be shown in parentheses in all figures. A full list of the electronic energies and the thermal and 
solvation corrections is available as Supporting Information (Table S1). All reported ∆GCPCM values are 
given relative to [PtBr4]2-, I, taking into account the values of all species that are added to or subtracted 
from the system. Because all species calculated during this study have a smaller negative charge than the 
reference compound (either -1 or neutral) and because more highly charged species are better solvated 
than less highly charged ones, all solution relative free energy values are less negative (or more positive) 
than the corresponding gas phase relative free energy values. We have also calculated the relative energy 
of compound trans-PtBr2(PhNH2)2 (VI’), which was not considered in the previous Chapter. It was found 
as more stable than the cis isomer VI by ca. 8 kcal/mol, but still less stable than II by ca. 4 kcal/mol. Thus, 
II is still predicted as the lowest free energy species in solution and the presumed catalytic resting state.  
 
(a) Nucleophilic addition of aniline to coordinated olefin 
 
As stated in the Introduction (Scheme 1), systems II, IV, V, VII and VIII are all likely candidates 
for the nucleophilic addition step of the olefin activation mechanism of the catalytic cycle. As illustrated 
in Figure 1 through the example of the LUMO of complex II, the nucleophilic addition to a coordinated 
olefin could be imagined to occur either intermolecularly via direct addition (anti, pathway 1, or syn, 
pathway 2) or intramolecularly through preliminary coordination (pathway 3, leading either to a 4- or a 5-
coordinated intermediate). Pathway 1 is the ubiquitous pathway for nucleophilic addition to coordinated 
olefins,,22 but evidence for a syn attack with preliminary metal coordination through a 5-coordinate 
intermediate (pathway 3) has been presented for the OH- addition to related Pd systems23-25 and evidence 
for the existence of 5-coordinate PtCl2(C2H4)(py)2 also exists.26 Both geometric27, 28 and steric factors29 in 
the substrate, as well as the nucleophile nature,30 have been proposed to steer the pathway one way or the 
other.  The possibility of a direct syn addition (pathway 2) is not systematically considered.4, 22 We wished 
to probe all possible pathways in our case.  Note that this step is common to the catalytic cycle of the 
Wacker process.31  
 
syn-attack
anti-attack
1
23
 
Figure 1. Possible pathways for the nucleophilic attack of the coordinated olefin in II (a) and a view of 
the LUMO (A1, E = 0.0433 Hartree) for II. 
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All attempts to optimize the putative 18-electron complexes [PtBr3(C2H4)(PhNH2)]- or trans-
[PtBr2(C2H4)(PhNH2)2] by suitably placing the aniline at bonding distance to the Pt atom along the z 
direction of the square plane of systems II and IV were unsuccessful, always leading to hydrogen-bonded 
(N-H···Br) adducts (see Figure S2 in the Supporting Information). Comparative studies of the direct anti 
(1) and syn (2) additions were only carried out for systems II and IV through appropriate scans of the C-
N distance (Figure S3). For compound V, which already contains aniline within the coordination sphere, 
an intramolecular syn addition (following pathway 3 of Figure 1) was compared with the intermolecular 
anti attack (Figure S4). Since the minimized parameter is the gas phase electronic energy, with the 
entropic and solvation effects varying along the reaction coordinate, a fully optimized transition state 
structure does not necessarily corresponds to the maximum along the solution free energy curve. Indeed, 
the highest solution free energy for the intermolecular pathways corresponds to a much longer C-N 
distances (earlier transition state) relative to the gas phase, because of the relatively good stabilization by 
solvation of the zwitterionic character that develops along the addition coordinate.  For each system, the 
highest point along the ∆GCPCM curve is lower for the anti attack (values in kcal mol-1): for II, 11.1 (anti) 
and 19.9 (syn); for IV, 8.1 (anti) and 19.9 (syn); and for V, 13.9 (anti) and 45.5 for the intramolecular syn 
addition. A related computational study of the nucleophilic attack of gold-coordinated 1,3-dienes by N-
based nucleophiles also shows the absence of coordination and a more facile direct anti addition.32 The 
addition coordinate for systems VII and VIII was therefore investigated only for the anti attack (Figure 
S5). 
The results of the anti nucleophilic additions are summarized graphically in Figure 2. The relative 
barrier heights correlate with the C-C bond lengths in the starting olefin complex, see Chapter 2 (greater 
barriers are associated to longer C-C bonds), in agreement with the notion that a longer C-C bond reflects 
a greater degree of π back-bonding and thus higher electron density on the C2H4 ligand, disfavoring the 
attack. Upon considering the different relative stability of the starting complexes, the nucleophilic 
addition occurs more easily in the order II < V < IV < VIII < VII.  
Full geometry optimization beyond the addition barrier led in each case to a stable zwitterionic 
intermediate, shown in Figure 2. These systems show an interesting variety of intramolecular H-bonding 
patterns, where the ammonium protons interact mainly with the Pt atom, or a Br atom, or both, or none. In 
a few cases, different minima could be optimized for the same molecule. More details are given in the 
supporting information (Scheme S1 and relevant structural parameters in Table S2). It is relevant to 
mention here that the only crystallographically characterized complex having this stoichiometry, trans-
PtCl2(Et2NH)(CH2CH2NHEt2),33 exhibits an intramolecular N-H···Cl interaction (N···Cl = 3.20 Å; H 
atoms were not directly located). 
It may be argued that the gas phase optimized structures are not relevant for the behavior in 
solution, because the ammonium N-H protons could establish stronger H-bonds with aniline molecules in 
the medium. To shine more light on this problem we have performed additional calculations taking the 
particular case of complex XIII. Starting from the optimized isomer XIII’, addition of an aniline 
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molecule next to each of the two N-H protons led to systems XIII·PhNH2 (a and b, see Figure 3). These 
complexes are ca. 7 kcal/mol higher than XIII’ on the ∆GCPCM scale. However, they are 12.2 and 10.8 
kcal/mol more stable, respectively, on the ∆Egas scale. Full entropy neglect in the ∆ECPCM scale (∆Egas + 
∆Gsolv) also gives greater stability for the aniline adducts (by 3.9 and 2.4 kcal/mol, respectively), but this 
approximation is also unjustified. As noted above, the correct handling of the entropy for accurate 
calculation of equilibrium positions is one of the outstanding challenges for computational chemistry. 
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Figure 2. ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in parentheses) for the reagents, products 
and highest points along the aniline nucleophilic addition to coordinated ethylene in systems 
II, IV, V, VII and VIII. Optimized geometries are also shown for the reagents and products.  
 
5.6 (10.3)
[-1.5 (1.6)]
-1.7 (0.7)4.6 (9.3)
[-2.4 (0.6)]
XIII·PhNH2 (a)
XIII’
+PhNH2
+PhNH2
XIII·PhNH2 (b)  
Figure 3. Optimized geometries and ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for systems XIII·PhNH2 (a and b). The values in brackets correspond to 
∆GCPCMcor (see text). 
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Note that the calculation of the relative energy value from the reference system I, as outlined in 
equation 1, involves a different number of molecules on each side. Solvation entropy could play a major 
role in this equilibrium because of the different number of translational and rotational degrees of freedom. 
In an attempt to better handle the entropy problem we reduced the number of independent species on the 
left hand side of the equation by considering the H-bonded aniline···aniline dimer (equation 2). The 
resulting free energy change, called ∆GCPCMcor, predicts a greater stability for XIII·PhNH2(a) relative to 
XIII’ by only 0.7 kcal mol-1, whereas XIII·PhNH2(b) is destabilized by 0.2 kcal/mol. In conclusion, when 
H-bonding with solvent molecules is taken into account the energetic balance does not seem strongly in 
favor of intermolecular H-bonding. Note also that the solvent adducts maintain the stronger Br···H 
interaction originally present in XIII’, whereas the weaker Pt···H interaction is lost. Thus the structure 
and the stability in solution appear to be affected by the interactions with the solvent molecules.  
 
[PtBr4]2-  +  2C2H4 + 2PhNH2  Æ [PtBr2(C2H4)(C2H4N(Ph)H2···NH2Ph)] + 2Br- (1) 
I XIII·PhNH2 
[PtBr4]2-  +  2C2H4 + PhNH2···PhNH2  Æ [PtBr2(C2H4)(C2H4N(Ph)H2···NH2Ph)] + 2Br- (2) 
I XIII·PhNH2 
 
(b) N-H activation 
 
The aniline N-H oxidative addition to anyone of complexes I-VIII could constitute the initial step 
of a catalytic cycle operating through the amine activation mechanism. It is mentioned that oxidative 
addition of unactivated N-H bonds to Pt0L2 is thermodynamically unfavorable34 and hence it may be 
expected as even less favorable for a PtII system, but computational studies of the amine activation 
pathway on PtII complexes do not seem to be available. Hence, we have investigated the energetics of this 
process. This process was only investigated for complexes I and II, leading to systems XIV-XIX.   
Complex cis-[PtBr4H(NHPh)]2-, XIV, results from N-H oxidative addition to I. No isomeric variant 
is possible except for the trans structure, which is not accessible by direct oxidative addition. Oxidative 
addition to II affords mer-[PtBr3(C2H4)(H)(NHPh)]-, for which three orientations are possible: N-H 
addition across the Br-Pt-(C2H4) axis of II with the ligand ending up trans to C2H4 being either NHPh 
(XV) or H (XV’), and N-H oxidative addition across the Br-Pt-Br axis of II, yielding isomer XVI. All 
these isomers are approximately isoenergic and highly disfavored, with a much higher free energy than 
the highest point of the energy profile for the olefin activation pathway (vide infra).  
Loss of a bromide ligand from complex XIV may occur to afford a 5-coordinate [PtBr3H(NHPh)]- 
complex, XVII, which may also be obtained by N-H oxidative addition to the 14-e complex [PtBr3]-. The 
relative free energy of XVII is lower (27.8 kcal mol-1) than that of XIV, but still too high to make this 
pathway competitive (vide infra). Dissociation of a bromide ligand from the three isomeric complexes 
XV, XV’ and XVI yields three [PtBr2(C2H4)H(NHPh)] geometric isomers, XVIII-XIX, which are again 
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highly energetic. In conclusion, all these calculated models lie too high in energy, showing that the aniline 
N-H oxidative addition to PtII is thermodynamically unfavorable and casting serious doubts on the 
likelihood of an aniline activation mechanism for this catalytic system. 
  
(c) Further transformations of the zwitterionic complexes 
 
As mentioned in the introduction, PtII zwitterionic complexes resulting from the nucleophilic 
addition of basic amines to coordinated olefins have previously been described.33, 35-41 These complexes 
appear to be stable toward the β-H elimination process,37, 42 whereas analogous PdII systems may undergo 
this transformation leading to oxidative amination products instead of hydroamination.22, 42, 43 The 
intramolecular N-H···X (X = Pt or Br) hydrogen bonding observed in the optimized geometries of systems 
IX-XIII could set the stage for an intramolecular proton transfer (see Scheme 2) that may constitute the 
first step of the pathway leading from the zwitterionic intermediate to product release. The N-H···Pt bond 
(A) could generate a PtIV hydride complex by proton transfer to the Pt atom (B), whereas the N-H···Br 
bond (C) could promote HBr elimination as PhNH2+Br-, leading to chelation of the CH2CH2NHPh ligand 
to generate a platinaazacyclobutane derivative (D), although the latter could also occur in two steps, 
promoted by an external base. Examples of this process were reported for derivatives of type cis-
PtCl2(C2H4)(Y) (Y = PR3, py, NH3, am, DMSO),40, 44-46 PtCl(PyPyr)(C2H4)47 and [PtCl(alkene)(tmeda)]+.48 
Chelation of the deprotonated alkyl ligand in B would also afford a platinacyclic derivative E, though this 
is a PtIV derivative, which is related to D by a formal oxidative addition of HBr. There is at least one 
literature precedent of the interconversion between a N-H···Pt zwitterionic complex of type A, PtBr(κ2-
C,N-C6H4CH2NMe2-2)(κ1-C-C6H4CH2NHMe2-2), and a 6-coordinated PtIV hydride complex of type E, 
Pt(H)Br(κ2-C,N-C6H4CH2NMe2-2)2.49 Systems B and D may also be generated by the alternative 
intermolecular deprotonation of A or C by aniline to generate F followed by reprotonation or Br- 
displacement. Both derivatives of type D47, 50-53 and F47, 54, 55 have been proposed in the literature as 
catalytic intermediates for the hydroamination reaction, but their possible role in the olefin activation 
mechanism has not been firmly established.  
The ultimate liberation of the hydroamination product can then be envisaged through a C-H 
reductive elimination from B or E, or by direct protonolysis of the Pt-C bond in the dangling alkyl 
derivatives (e.g. A/C, B or F) or metallacycles (e.g. D or E). However, a direct intramolecular proton 
transfer from the ammonium function in A or C to the carbon atom, possibly assisted by an additional 
external aniline molecule in a proton shuttle mechanism, may also be operational, as predicted by the 
model investigation of the NH3 addition to C2H4 catalyzed by [PtCl(PH3)2]+.4  The rest of this section will 
explore all these possibilities. 
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Scheme 2. Different geometrical arrangement found for the [Pt-CH2CH2NHPh] moiety. 
 
c1. Intramolecular proton transfer to Pt: formation of PtIV-H intermediates. Because of the Pt···H 
interaction, systems IX and X seem perfectly set up for transferring a proton from N to Pt, with formal 
oxidation to PtIV, but system XI, XII and XIII’ must also be considered. Indeed, moving the H-bonded 
hydrogen atom from N to Pt in IX yielded XX as a stable minimum with a square pyramidal geometry 
where a new H-bond has developed between the residual N-H bond of the axial CH2CH2NHPh ligand and 
an equatorial Br ligand (H···Br = 2.59 Å), see Figure 4. The Br ligand that was originally trans to the 
alkyl chain in IX has moved trans to the H ligand in XX. The ∆GCPCM value of this structure is 9.5 kcal 
mol-1 vs. 3.5 kcal mol-1 for the precursor IX. This is the most stable 5-coordinate PtIV-H complex found in 
our studies. Starting from X and XI, the higher energy 16-electron PtIV-H complexes XXI, XXII and 
XXII’ where obtained as detailed in the Supporting Information, whereas we were not able to obtain any 
new PtIV-H local minimum starting from the stoichiometries of XII and XIII’. Note that, among all the 
zwitterionic complexes, IX displays the most electron-rich Pt atom and is thus the most susceptible one to 
transfer a proton to the metal center and generate a PtIV hydride complex, as previously predicted.21 
 
2.59 Å
XX
9.5 (11.5)
1.
68
1.40
TS(IX-XX)
8.7 (11.2)  
Figure 4. Optimized geometries and ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for the lowest energy 5-coordinate Pt(IV) hydride complex XX and for the 
transition state TS(IX-XX) leading to it. 
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Optimization of the transition state for this process gave geometry TS(IX-XX), Figure 4, where the 
H atom is ca. midway between the two local minima and its Mulliken charge (0.28) is also midway 
between the more proton-like value of 0.44 in IX and the more hydride-like value of 0.11 in XX. The 
structure shows only one imaginary frequency (397i cm-1) corresponding to the H atom movement from 
N to Pt. On the energy scale, TS(IX-XX) is barely higher (ca. 1 kcal mol-1) than IX, which is less stable 
than XX, whereas ∆GCPCM increases in the order IX (3.5) < TS(IX-XX) (8.7) < XX (9.5), suggesting that 
the real transition state geometry is closer to that of XX and that the rearrangement is very facile. 
Since systems XX-XXII are formally 5-coordinate PtIV complexes, a reasonable question is 
whether they may be stabilized by addition of one of the several available ligands (Br-, PhNH2, C2H4) or 
by chelation of the aminoalkyl ligand to yield 18-electron octahedral products (E in Scheme 2). This 
question was probed for the most stabilized of the above described hydride systems, namely XX. Three 
systems were constructed by adding ligands Br-, PhNH2 and C2H4 to the empty position trans to the 
CH2CH2NHPh to yield systems XXIII, XXIV, XV, respectively. The possible generation of 
platina(IV)azacyclobutane derivates from XX-XXII will be analyzed later in a separate section. All 
geometries of XXIII-XXV optimized smoothly, see Figure 5. An alternative orientation for the ethylene 
ligand (XXIV’: parallel to the Br-Pt-Br axis rather than to the H-Pt-Br axis) resulted in a higher ∆GCPCM 
value. Two isomeric possibilities for the aniline addition product, XXV’ and XXV”, were also optimized, 
the most stable arrangement XXV’ featuring a trans disposition of the aniline and hydride ligands. All 
these 6-coordinate adducts are in fact more stable than the 5-coordinate precursor on the energy scale, but 
most are higher on the ∆GCPCM scale. Only XXV’ is slightly stabilized. This suggests that the 
coordinatively unsaturated PtIV-H complex XX is a viable catalytic intermediate.  
9.5 (11.5) 9.7 (14.6)
15.2 (17.9)
18.6 (22.0)
12.7 (15.5)
8.0 (11.7)
XX
XXIII
XXIV’
XXIV
XXV
XXV’
17.3 (21.2)
XXV’’
+Br- +C2H4 +PhNH2  
Figure 5. Optimized geometries and ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for 6-coordinate PtIV hydride complexes. 
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c2. Intramolecular proton transfer to Br: formation of PtII σ-HBr intermediates. Although it is 
generally proposed that platina(II)azacyclobutane derivatives form by intermolecular N-H deprotonation 
of zwitterionic complexes (pathway A(or C) Æ F Æ D in Scheme 2),40, 45, 47, 48, 56-58 we wished to also 
explore the energetics of a possible intramolecular proton transfer to a Br atom as a preliminary step for 
the HBr elimination process. We have considered this pathway starting only from XI/XI’ and XIII/XIII’, 
which feature the strongest N-H···Br interactions. Attempts to move the proton from N-H···Br to N···H-Br 
did not lead to a stable minimum, converging back to the zwitterionic intermediate. Stable minima were 
found only when the H atom was placed on the opposite side of the Br ligand, facing the second Br 
ligands, XXVI from XIII (H-Br: 1.46 Å; Pt···H = 2.87 Å; Pt···Br = 2.96 Å) and XXVII from XI or XI’ 
(H-Br: 1.50 Å; Pt···H = 2.70 Å; Pt···Br = 2.91 Å). Both structures are characterized by an additional 
intramolecular H-bond, Br···H-N for XXVI and N···H-N for XXVII. The high energy of these species 
compared to other pathways (vide infra) make them unlikely candidates as catalytic intermediates. 
 
c3. Deprotonation of the zwitterionic complexes. The -CH2-CH2-N(+)H2Ph ligand in the 
zwitterionic systems IX-XIII (Figure 2) could also undergo intermolecular deprotonation by excess 
aniline (pathway A (or C) Æ F in Scheme 2) to yield derivative containing the 2-aminoethyl moiety, Pt-
CH2CH2NHPh.59 Proton removal from IX led to [PtBr3(CH2CH2NHPh)]2-, XXVIII, the trans- and cis- 
aniline systems X ( or Xanti) and XI (or XI’) led to trans- and cis-[PtBr2(PhNH2)(CH2CH2NHPh)]-, 
XXIX and XXX, and finally the trans- and cis- ethylene systems XII (or XIIanti) and XIII (or XIII’) led 
to trans- and cis-[PtBr2(C2H4)(CH2CH2NHPh)]-, XXXI and XXXII. The most stable derivative is XXXII, 
shown in Figure 6. The dianionic derivative XXVIII has a very high energy (29.8 kcal mol-1), whereas 
the others (XXIX-XXXI) have intermediate energies (18-22 kcal mol-1). A comparison between the 
energies of the σ-(HBr) derivatives and the Pt–CH2CH2NHPh complexes suggests that the direct 
intermolecular deprotonation of Pt–CH2CH2N(+)H2Ph by aniline is more favourable than transfer to the 
bromide ligand, though still less favourable than transfer to platinum. 
11.2 (15.8)8.1 (13.7)
TS(XIII-XXXII) XXXII·PhNH3+
[1.0 (5.1)] [4.2 (7.1)]
12.6 (15.4)
XXXII
 
Figure 6. Optimized geometries and relative ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for the lowest energy aminoethyl complex, XXXII, and for the stationary points along the 
deprotonation of XIII by aniline. The values in brackets correspond to ∆GCPCMcor (see text).  
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The deprotonation pathway was analyzed more in detail only for the most stable complex. This 
involves the initial formation of a hydrogen-bonded adduct between XIII and aniline to give 
XIII·PhNH2(A) (see above, Figure 3), then proton transfer via TS(XIII-XXXII) leading to an H-bonded 
adduct between XXXII and anilinium, XXXII·PhNH3+ (see Figure 6). Like for the above described 
TS(IX-XX), the transition state TS(XIII-XXXII) is higher in energy with respect to both reactant and 
product on the energy scale, but actually lower than the final product on the ∆GCPCM scale. On going to 
the ∆GCPCMcor scale (see equations 1 and 2), the situation does not change, TS(XIII-XXXII) remaining 
lower than XXXII·PhNH3+ (Figure 6). Note that, although the formation of XIII·PhNH2(A) from the two 
free components costs a great deal on the ∆GCPCM scale, the formation of XXXII·PhNH3+ from XXXII 
and PhNH3+ actually corresponds to a stabilization. This is probably because the weak N-H···Br 
interaction in XXXII (the free amine is not a strong acid) is replaced by much stronger N-H···Br and N-
H···N interactions (the anilinium ion is a much stronger acid).  
 
c4. Formation of chelated aminoalkyl Pt complexes.  There are two possible types of platinacycles. 
The first type is 4-coordinate platina(II)cycles that can be generated by coordination of the dangling 
amine function in the deprotonated systems (XXVIII-XXXII) with replacement of a bromide ligand (F 
Æ D in Scheme 2). The second type is 18-electron platina(IV)cycles that can be obtained by chelation of 
the dangling aminoalkyl ligand in the 16-electron PtIV-H complexes (XX-XXII), corresponding to 
process B Æ E in Scheme 2. The latter can also be obtained by protonation of the platina(II)cyclic 
complexes D followed by bromide addition (formal HBr oxidative addition), D Æ E in Scheme 2.  
A detailed analysis of these processes is described in the Supporting Information. In summary, 
bromide displacement from the deprotonated systems XXVIII-XXXII yields the platina(II)cyclic 
derivatives XXXIII-XXXV with moderately high energy (14.9-22.4 kcal mol-1). The most stable amongst 
these PtII metallacyclic complexes, XXXV’, has ∆GCPCM of 14.9 kcal mol-1, just a bit higher than that of 
its precursor XXXII. The relatively low energy of these complexes allows them to be considered for the 
moment as potential catalytic intermediates. Note that the thermodynamics of this process should be 
favoured by stronger bases, rationalizing well the formation of the stable platinacyclic derivatives 
mentioned above. 
Concerning the formation of platina(IV)cycles, chelation of the dangling aminoalkyl function –
CH2CH2NHPh in XX leads to the anionic complexes [PtHBr3(κ2:C,N-CH2CH2NHPh)]- (XXXVI-
XXXVII, four isomers), whereas the same process starting from XXI and XXII (or XXII’) leads to the 
neutral complexes [PtHBr2(PhNH2)(κ2:C,N-CH2CH2NHPh)] (XXXVIII-XLIV, 12 isomers). The energy 
of these systems is relatively low on the ∆GCPCM scale, unless H and the two most strongly trans directing 
ligands H and alkyl are unfavorably located trans to each other (i.e. XXXVII, XXXIX, XLI and XLI’). 
The thermodynamic balance is favorable for formation of these complexes both with respect to the 
corresponding systems of type B and D in Scheme 2, justifying their consideration as potential catalytic 
intermediates. The lowest ∆GCPCM derivatives are XXXVI for the anionic system (9.4 kcal mol-1) and 
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XLIII for the neutral systems (11.0 kcal mol-1). Their geometry is shown in Figure 7. Additional systems 
may also be derived by formal HBr oxidative addition to the ethylene-dibromo isomers XXXV and 
XXXV’ (corresponding PtIV-H aminoalkyl complexes could not be optimized for this stoichiometry, vide 
supra).  The nearly isoenergetic diastereomeric pairs XLV/XLV’ and XLVI/XLVI’ were generated in 
this fashion. These are less stabilized (17-19 kcal mol-1) relative to the corresponding PtII platinacyclic 
complexes than the other platina(IV)cyclic complexes, since they contain the π-acceptor ligand C2H4, 
which is more compatible with PtII whereas PtIV prefers harder donor ligands. 
 
XXXVI
9.4 (11.6) 11.0 (14.3)
XLIII
 
Figure 7. Optimized geometries and relative ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for the lowest energy platina(IV)cyclic derivatives XXXVI and XLIII.  
 
Since the addition of the monodentate ligands Br-, PhNH2 and C2H4 to 5-coordinate PtIV hydride 
complexes was generally found unfavourable (e.g. see Figure 5), a reasonable question is whether the 6-
coordinate PtIV complexes XXXIV-XLIV may gain stability by loss of one of these ligands to produce 5-
coordinate derivatives. This possibility was probed only for the most stable PtIV platinacyclic compounds 
XXXVI and XLIII, as well as XXXVIII. In particular, it may be predicted that the most easily lost ligand 
is located trans to one of the two strongly trans-directing lihands, namely H and the alkyl substituent. 
This procedure generated three new systems, a neutral [PtHBr2(κ2:C,N-CH2CH2NHPh)] complex XLVII 
and two isomeric cationic complexes [PtHBr(PhNH2)(κ2:C,N-CH2CH2NHPh)]+  XLVIII and IL (details 
in SI). The generation of neutral XLVII is much less unfavorable than the formation of the cationic 
derivatives XXXVIII and XLIII, but the most stable PtIV platinacyclic system remains the anionic 6-
coordinate XXXVI. This situation parallels that of the non cyclic PtIV-H systems (see Figure 5), although 
it is quantitatively more in favour of the 6-coordinate system. System XXV’ (Figure 5) remains the most 
stable 6-coordinate PtIV-H complex, though only marginally with respect to XXXVI (8.0 vs. 9.6 kcal mol-
1), and system XX (Figure 4) remains the most stable 5-coordinate PtIV-H complex. These will be the 
systems worth considering for the product liberation step (vide infra). 
 
(d) The rate-determining step.  
 
Reductive C-H elimination from PtIV-H aminoalkyl systems (B or E in Scheme 2) would produce 
the hydroamination product and regenerate PtII intermediates. For instance, system XX would lead to 3-
coordinate [PtBr3]-, which can however be stabilized by the PhNHEt reductive elimination product, 
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whereas XXV’ would lead to [PtBr3(PhNH2)]-, III, and XXXVI would generate the related complex 
[PtBr3(PhNHEt)]-. However, the hydroamination product may also be liberated by C-protonation of the 
aminoalkyl ligand in systems of type A/C or F in Scheme 2. The proton source may be external (the 
anilinium ion, which is the strongest available acid in the aniline-rich medium) or internal (the 
ammonium function of the zwitterionic derivatives).  
 
d1. Reductive elimination of PhNHEt from PtIV-H intermediates. This step was first explored 
starting from the most accessible 5-coordinate PtIV hydride system XX. The reaction coordinate led to a 
square planar PtII σ complex L where the PhEtNH product remains bonded to Pt through a C-H bond 
through transition state TS(XX-L), see Figure 8 (for a more detailed scan of this coordinate, see the 
supplemental figure S6). The Pt-bonded C-H bond in L is slightly lengthened by the electronic interaction 
with the metal (1.12 Å vs. 1.09 Å for the other two C-H bonds of the CH3 group) and shows a red-shifted 
νC-H vibration (2723 cm-1, cf. 3161 (νas) and 3111 (νs) cm-1 for the CH2 group. 
 
TS(XX-L)
19.4 (21.1)
L
7.9 (9.3)
LI
-13.3 (-11.0)
1.57
1.57
2.21
 
Figure 8. Optimized geometries and relative ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for relevant structures along the C-H reductive elimination from XX. 
 
Interestingly, the N-H···Br hydrogen bond is retained throughout the reductive elimination 
coordinate, the H···Br distance remaining confined in the narrow 2.516-2.630 Å range. The optimized 
transition state, TS(XX-L) (756i cm-1), has essentially the same geometry (dHC = 1.57 Å, dPtH = 1.57 Å, 
dPtC = 2.21 Å, ∠CPtBrtr = 160.4º) and ∆GCPCM value as the ∆GCPCM maximum along the C-H reductive 
elimination scan (figure S6), contrary to the intermolecular scans examined above for which the ∆GCPCM 
is offset relative to the E maximum. This is because no major charge redistribution, thus no large entropic 
effect by solvation, occurs along this reaction coordinate. The σ complex L may rearrange to a much 
more stable isomeric N-bonded form, [PtBr3(NHPhEt)]- (LI, Figure 8), which still features the 
intramolecular N-H···Br interaction (H···Br = 2.475 Å; Pt-N-H = 96.3°). However, the coordination 
position occupied by the C-H σ bond in L may also be taken directly by a new molecule of ethylene, to 
liberate the hydroamination product PhNHEt and regenerate the catalyst resting state II. This takes the 
system down to a ∆GCPCM value of -20.8 kcal mol-1 at 298.15 K and -18.1 kcal mol-1 at 423.15 K (the 
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calculated thermodynamic gain of the hydroamination reaction is -6.1 and -3.6 kcal mol-1 at 298.15 K and 
423.15 K, respectively). 
A scan of the reductive elimination pathway starting from the anionic 6-coordinated complexes 
XXV and XXV’ were found to be associated to a stiff increase of ∆GCPCM leading to transition states, 
TS(XXV) and TS(XXV’), respectively (see Figure 9), featuring a dramatically weakened bond to the 
ligand trans to H (Br for XXV, Pt···Br = 2.83 Å; PhNH2 for XXV’, Pt···NH2Ph = 4.19 Å). The TS(XXV) 
system appears to evolve toward a [PtBr2(PhNH2)(η2-H-CH2CH2NHPh)] and a separated Br- ion, whereas 
the TS(XXV’) corresponds very closely to the geometry of TS(XX-L) with an H-bonded aniline 
molecule (cf. Figure 8 and Figure 9). The energies of these transition states are much greater than that of 
TS(XX-L) on the ∆GCPCM scale. The energy of TS(XXV’) seems too high, considering that it is 
essentially an H-bonded adduct of TS(XX-L) with aniline. However, correction of this term for H-
bonding in the aniline starting material (∆GCPCMcor scale) bring this energy much closer, though still 
higher, than that of TS(XX-L). In a similar fashion, the reductive elimination coordinate from complex 
XXXVI leads to a severe weakening of the Pt-Br bond trans to H, transforming the system to a square 
planar σ complex where the PhEtNH product remains bonded to Pt through a C-H bond. The maximum 
along this coordinate (C···H = 1.7 Å), also shown in Figure 9, has a relative ∆GCPCM of 23.4 kcal mol-1, ca. 
4.0 kcal/mol higher than the reductive elimination transition state from XX. The energy profiles of the 
two processes involving the isomeric systems XX and XXXVI are compared in Figure S7. Given these 
results, the elimination process from the other 6-coordinate systems shown in Figure 5 was not further 
investigated. 
 
32.2 (34.1) 23.4 (26.3)28.3 (32.1)
1.56
1.59
2.20
TS(XXV) TS(XXV’) TS(XXXVI)
[21.3 (23.4)]  
Figure 9. Optimized geometry of the reductive elimination transition states from systems XXV, XXV’ 
and XXXVI, with relative ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in parentheses). 
The values in brackets correspond to ∆GCPCMcor (see text). 
 
d2. Protonolysis of the alkyl ligand. It is possible to envisage four different ways to accomplish this 
process, two inter- and two intramolecular as depicted in Scheme 3. Pathway (a1) requires prior 
deprotonation of the zwitterionic intermediate, followed by C-protonation of the resulting aminoalkyl 
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ligand. The direct protonolysis of the zwitterionic intermediate by anilinium (pathway (a2)) should be less 
favorable than (a1) because of the Coulombic bias of the ammonium charge. Therefore, only pathway 
(a1) has been considered in the calculations. Pathway (b1) is a direct intramolecular transfer of the 
anilinium proton to the alkyl carbon atom. Finally, the intramolecular proton shuttle pathway (b2), which 
is a variant of (b1) and also a concerted version of the two-step (a1) pathway, was proposed as the lowest-
energy pathway from the model investigation of the addition of NH3 to C2H4 catalyzed by [PtCl(PH3)2]+.4  
Pathway (a1) did not lead to any low-energy pathway for the release of the hydroamination product on the 
free energy scale. Therefore, a detailed account of our work on this pathway is presented in the 
Supporting Information. The lowest energy transition states for the proton transfer from PhNH3+ to 
XXXII (the lowest ∆GCPCM systems amongst all the deprotonated zwitterions) or XXIX, leading to cis-
PtBr2(C2H4)(PhNHEt) and trans-PtBr2(PhNH2)(PhNHEt) products where the PhNHEt ligand is 
coordinated as a σ-C-H complex, are shown in Figure 10 (TS(LII’-LIII) and TS(LIV-LV), respectively).  
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(a1) Attack after deprotonation
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Scheme 3. Possible pathways for Pt-C bond protonolysis. 
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TS (LII’-LIII)
34.4
[27.3]
2.20
1.23
2.20
1.44
2.62
TS (LIV-LV)
34.0
[27.0]
1.64
1.88
2.18
1.51 2.32
TS(LVI-LVII)
37.6 (39.5)
[30.1 (31.0]
2.27
1.75
1.06
1.322.3
1
2.19
1.25
 
Figure 10. Relevant geometries of transition states along C-protonation pathways, with their relative 
∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in parentheses). In brackets…. 
 
Pathway (b1) was explored for complex IX. This choice is justified by the fact that this is the most 
electron-rich zwitterion, leading to the lowest energy 5-coordinate PtIV-H system by proton transfer to Pt. 
It may be argued that direct proton transfer to the adjacent alkyl C atom is regulated by the same 
electronic effects and should therefore also be easiest for the most electron-rich system. Proton transfer 
leads to system L, namely the same σ-complex that was previously shown to result from reductive 
elimination via the hydride intermediate XX. A STQN calculation between complexes IX and L 
converged to the same transition state of the reductive elimination pathway, TS(XX-L). Hence, this 
pathway does not exist as such, at least for this specific system. Indeed, the optimized TS(XX-L) has only 
one imaginary frequency (1st order saddle point) and an IRC calculation leads to the XX and L local 
minima.  
Finally, pathway (b2) was checked for the lowest energy zwitterionic intermediate XIII, but also 
from the related system XI. Transition states were located for both systems (the latter, TS(LVI-LVII), is 
shown in Figure 10, full details are given in the Supporting Information), but the energy values are once 
again prohibitively high (> 10 kcal mol-1 greater) in comparison to the reductive elimination pathway 
from the PtIV-H intermediate XX.  
Note that the three transition states shown in Figure 10 are actually less disfavored than TS(XX-L) 
on the electronic energy scale, the ∆ECPCM relative to the resting state II being (in kcal mol-1): 0.0 for 
TS(LII’-LIII), -1.1 for TS(LIV-LV), 2.0 for TS(LVI-LVII), vs. 3.7 for TS(XX-L). However, all these 
proton transfer pathways require the intervention of a second species (PhNH3+ or PhNH2) with an 
inevitable additional entropic penalty. Even if the condensed phase entropic contribution is partially 
quenched and the calculation of ∆GCPCM as carried out in the present contribution certainly overestimates 
it, the margin in favor of TS(XX-L) appears too large to be accounted for by this approximation. Indeed, 
treatment of the solution free energy according to the ∆GCPCMcor approach, as already detailed above in 
section (a), which equalizes the number of species involved on each side of the chemical equation, yields 
the values shown in brackets in Figure 10, still higher than that of TS(XX-L). Therefore, these proton 
shuttle pathways do not appear to be competitive, at least for the present system, contrary to the 
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conclusion made for the NH3 addition to C2H4 catalyzed by [PtCl(PH3)2]+.4 Note, however, that the latter 
study was based only on the electronic energy without consideration of the entropic contribution.  
 
Discussion 
 
At the chosen level of theory, the computational investigation of the PtBr2/Br-–catalyzed aniline 
addition to ethylene rules out an amine activation pathway and validates the olefin activation pathway. In 
agreement with previous arguments that were based on the catalytic studies and with recent solution 
equilibrium studies, the calculations indicate complex [PtBr3(C2H4)]- (II) as the most stable species under 
catalytic conditions (catalyst resting state). Many other PtII complexes accessible by ligand exchange 
equilibria (I and III-VIII), some of which have been isolated and characterized in the previous Chapters, 
are off-loop equilibrium species located at relatively low energies. The lowest energy pathway of the 
catalytic cycle starting from the resting state and ending at the same point on the subsequent cycle is 
summarized in Figure 11.  
 
IV
-14.7
(-14.5)
-10.7
(-9.7)
3.5
(5.6)
11.1
(13.7)
8.1 
(11.7)
-1.9
(0.7)
II IX
Xanti
-3.2
(-2.6)
VII
-2.6
(-0.7)
XIIanti
7.6
(9.5) 9.5
(11.5)
19.4
(21.1)
7.9
(9.3)
XX
L
TS(XX-L)
II
-20.8
(-18.1)
-6.1
(-3.6)
34.1
(35.6)
++
+
 
Figure 11. Lowest-energy pathway for PtBr2/Br-–catalyzed addition of aniline to ethylene. Values are 
∆GCPCM relative to I in kcal mol-1 at 298.15 K (and at 423.15 K in parentheses) 
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The productive cycle starts with the aniline nucleophilic addition to the anti face of the ethylene 
ligand in II. Although the addition barrier for any of the PtII-C2H4 complexes is lower than the rate-
determining step of the overall cycle (cf. Figure 2) and the resulting products (notably Xanti and XIIanti) 
will be present as off-loop species, only the zwitterionic complex [PtBr3(CH2CH2NH2Ph)]-, IX, leads to 
the product release channel. In agreement with a previous proposal,21 the aniline addition to 
[PtBr2(C2H4)(PhNH2)] is actually easier, although only for the trans isomer IV, leading to X, whereas the 
cis isomer V leads to a higher barrier. The lowest addition barrier is in fact that to trans-PtBr2(C2H4)2 
(VII) leading to XII. However, all these alternative zwitterionic intermediates, even though more stable 
than IX, do not lead to the liberation of the hydroamination product by lower energy pathways and can 
only proceed by transforming back to IX by ligand exchange processes. Like it was described before we 
have failed to experimentally observe the zwitterionic complexes resulting from PhNH2 addition to 
ethylene in the isolated complexes 2, 4 and 5. The calculated energy differences between the addition 
products and the starting compounds (18.2 kcal mol-1 for II, 8.8 kcal mol-1 for IV and 9.7 kcal mol-1 for V, 
Figure 2) do not allow a sufficient equilibrium population of the zwitterionic complexes to be present for 
detection, in qualitative agreement with the experiment. Note also the previously reported failure to 
observe an addition compound when trans-[Pt(C2H4)(Et2NH)Cl2] was reacted with aniline,36, 37 contrary to 
Et2NH.40 The experimental observation of zwitterionic products for PtII appears limited to amines of 
sufficient basicity (pKa > 5 for the conjugate ammonium ion). 
The catalytic cycle continues with transfer of the ammonium proton in IX to the Pt center, to 
produce a 5-coordinate PtIV-H complex, [Pt(H)Br3(CH2CH2NHPh)]-, XX. This equilibrates with a number 
of 18-electron ligand adducts, of which the most stable is the aniline adduct, 
[Pt(H)Br3(PhNH2)(CH2CH2NHPh)]-, XXV’, with a mer arrangement of the three Br- ligands and with the 
aniline ligand trans to H (see Figure 5). Most of these saturated derivatives are in fact less stable than the 
unsaturated XX precursor on the ∆GCPCM scale, which is not surprising because two ligands with a strong 
trans labilizing effect are present (the hydride and the ammonium-bearing alkyl chain). In addition, the 
bromide ligands may provide a certain degree of stabilization of electronic unsaturation through π 
donation.60 Examples of stable 5-coordinate d6 complexes are indeed quite common for RhIII and IrIII 
complexes, such as M(H)Cl(pincer) (M = Rh,61-63 Ir64-67) or M(H)2Cl(L)2 (M = Rh, 68, 69 Ir70, 71), but at least 
one example also exists for PtIV, e.g. PtBr(CH3)2(acac).72 All the saturated ligand adducts (XXIII-XXV) 
are located at lower energy than the barrier of the rate-determining step and are therefore additional off-
loop species. Other 5-coordinate PtIV-H complexes, accessible from the other zwitterionic intermediates 
(e.g. XXI-XXII, Figure 4) are located at higher energy and do not provide suitable pathways for product 
liberation.  
Several other off-loop species (at lower energy than the rate-determining barrier but not directly 
involved in the minimum-energy pathway of the catalytic cycle) are selected square-planar PtII complexes 
obtained by deprotonation of selected zwitterionic complexes (XXIX, XXXI and XXXII, Figure 6), 
square-planar PtII complexes with a platinaazacyclobutane ring derived from the latter by substitution of a 
bromide ligand with the dangling amine function of the aminoalkyl ligand (XXXIII-XXXV), and PtIV-H 
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complexes with a platinaazacyclobutane ring (either 6-coordinated, XXXVI-XLVI, or 5-coordinated, e.g. 
XLVII). Metallaazacyclobutadiene complexes of PtII were indeed obtained by deprotonation of 
zwitterionic products resulting from the addition of basic amines to coordinated ethylene or other olefins 
(process A (or C) Æ F Æ D in Scheme 2),40, 46 some of them being crystallographically characterized.44, 47, 
48 Our study confirms the accessibility of these derivatives under appropriate experimental conditions, but 
shows that they are only off-loop species and not catalytic intermediates (none of these complexes leads 
to product liberation by a low-energy pathway), at least for the aniline addition to ethylene with this 
PtBr2/Br- catalytic system.  
Of the two possible ways to liberate the hydroamination product, namely reductive elimination 
from a PtIV hydrido-aminoalkyl derivative and protonolysis of a PtII aminoalkyl derivative, the first one 
seems preferred for this catalytic cycle. The lowest-energy pathway, shown in Figure 11, involves 
elimination from complex XX, with the rate-determining transition state TS(XX-L) located 34.1 kcal 
mol-1 higher than the resting state on the ∆GCPCM scale at 298.15 K (35.6 kcal mol-1 at 423.15 K). This 
value appears in reasonable agreement with the experimental evidence. Although a detailed  kinetic and 
temperature-dependent study was not carried out (this would be hampered by the observed catalyst 
deactivation process at the high temperatures required by the reaction)5, 73 an upper estimate of the 
activation barrier can be calculated from the observed initial TOF of 37 h-1 at 150°C,5 namely 28.9 
kcal/mol. The disagreement is not too large and the discrepancy may be attributed to the approximations 
involved (nature of functional, solvent model, proper treatment of solvation entropy, neglect of ion pair 
interactions, etc.). The reductive elimination pathway from 6-coordinate hydrido-aminoalkyl PtIV 
derivatives involves the concerted dissociation of the ligand located trans to H, leading to a much greater 
barrier for systems where this ligand is Br- (XXV and XXXVI) because of the charge separation. 
However, even when this ligand is the less strongly bonded and neutral PhNH2, (XXV’), the transition 
state [TS(XXV’)] has a greater energy. It is thus clear that reductive elimination is more favourable from 
the 5-coordinate XX than from the more stable 6-coordinate complexes. It is indeed known that reductive 
elimination in octahedral d6 systems is facilitated by a preliminary ligand dissociation to yield a 16-
electron 5-coordinate intermediate, with examples known for RhIII,74 IrIII,50 and also PtIV.75, 76  
A direct protonolysis of the PtII-bonded aminoalkyl ligand, either intermolecular by anilinium or 
intramolecular by the ammonium function in the zwitterionic intermediate, does not lead to a lower-
energy pathway for product liberation. The lowest pathway corresponds to the reductive elimination from 
the zwitterion IX through the hydride XX and transition state TS(XX-L). Hence, the electron density of 
the Pt-C bond in this system favours transfer of the proton to the Pt atom, to yield a well defined PtIV-H 
local minimum, rather than directly to the C atom to directly yield the σ-complex L, which is also the 
product of the reductive elimination, in a single step. The introduction of an additional aniline molecule to 
assist this proton transfer through a shuttle mechanism does not alter this preference for proton transfer to 
the metal site. Note that the direct pathway of proton transfer to the aminoalkyl C atom, assisted by an 
extra molecule of free amine, was found to be the preferred pathway for the model study of the NH3 
addition to C2H4 catalyzed by [PtCl(PH3)2]+.4 The difference between the two pathways is expected to 
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depend on the polarity of the Pt-C bond in the zwitterionic intermediate, which should rather be in favour 
of the C atom if the coordination sphere is less electron-donating, especially if the complex is positively 
charged, and more in favour of the Pt atom with more electron-donating ligands, especially if the complex 
is negatively charged. In the end, however, the product is the same, a σ-complex with the hydroamination 
product bonded to the catalytic metal through a C-H bond (Scheme 4).  Even when the proton transfer 
proceeds directly from the N to the C atom, is it somewhat assisted by the Pt atom with a significant 
Pt···H interaction at the transition state level.4 
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Scheme 4.  Competition between the Pt and C atoms in the Pt-C bond for proton capture.  
 
The catalytic cycle is completed by liberation of the hydroamination product PhNHEt from the σ-
complex L. A possible first event is rearrangement of the PhNHEt ligand to yield a N-bonded isomer LI, 
which is significantly more stable. When comparing the relative energies of LI and III (-13.3 vs. -10.7 
kcal/mol), the stronger donating power of PhEtNH relative to PhNH2 is clearly evidenced. However, 
coordination of ethylene is even more favourable, in agreement with experimental equilibrium studies 
(see Chapter 2). Hence, the κ2-C,H-bonded PhNHEt ligand may be directly replaced by a new ethylene 
molecule to regenerate the resting state II and start a new cycle. According to this result and contrary to 
an earlier suggestion,5 the formation of the hydroamination product should not lead to catalyst poisoning. 
Rather, as confirmed by more recent studies, the observed reduction of activity is attributable to catalyst 
deactivation by reduction to the metallic state (see Chapter 5).  
 
Conclusions 
 
We have reported in this Chapter a comprehensive investigation of the full catalytic cycle for the 
N-H addition of aniline to ethylene (hydroamination) catalyzed by the PtBr2/Br- system.  It is the first 
theoretical investigation that addresses the real catalytic system, with the electronic effect of the amine 
substituent and real nature of the transition metal complex being included in the calculation. The study 
confirms the general proposition that the olefin activation mechanism is preferred over the amine 
activation mechanism for this metal, since the N-H oxidative addition process yields PtIV(H)(amido) 
intermediates that are found too high in energy. The mechanism essentially follows the same basic steps 
illustrated by the previous investigations by Senn et al. on the model NH3 addition to C2H4 catalyzed by 
[PtCl(PH3)2]+, with the important difference that the key proton transfer from the zwitterionic 
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intermediate -[PtII]-CH2CH2NHRR’+ to the C atom does not proceed directly, with or without the 
assistance by a free amine molecule (proton shuttle), but rather through the Pt atom and through an 
additional intermediate, a 5-coordinated [PtIV](H)(CH2CH2NRR’)] system which further proceeds by 
reductive elimination.  
The study has also explored alternative processes that may occur on the zwitterionic intermediate, 
leading to products such as platinacyclic derivatives, both for PtII and PtIV, that have indeed been 
experimentally observed under certain circumstances (amine basicity, ligand coordination sphere). These 
are found to be related to the hydroamination catalytic cycle as off-loop species but do not directly lead to 
liberation of the hydroamination product. The study, however, has not addressed one important point of 
the hydroamination reaction, namely catalyst deactivation by reduction to Pt0.  Indeed, it has been shown 
that anilines may act as reducing agents toward platinum complexes.77 Further, all known zwitterionic 
complexes of type -PtCH2CH2NHR2+, generated in situ from PtIIX2(C2H4)L (X = halogen) and basic 
amines NHR2, are unstable and slowly decompose upon standing, in some cases with Pt0 formation.59, 78 
Such decomposition may also be triggered by N-H deprotonation, since the free amine can then promote 
β-hydride elimination to generate Pt-iminium complexes,59 in addition to the other pathways explored in 
this contribution. Indeed, the observed “promoting” effect of added strong acids could be explained by 
retardation of catalyst decomposition, rather than by the increase of the turnover frequency. Reduction to 
Pt0 has always been observed in the experimental studies carried out with this particular catalytic system5, 
20, 73, 79 and finding conditions that would prevent this decomposition is a major challenge for improving 
this catalytic system. Our experimental studies are continuing in this direction.  
Other useful information that emerges from the current theoretical investigation is the identification 
of the dormant species, the [PtBr3(C2H4)]- system II, and the transition state of the reductive elimination, 
TS(XX-L). We are now in a position to zoom into these two key structures of the potential energy surface, 
since the free energy difference between them determines the TOF and hence the catalytic activity, by 
probing the effect of structural variations (e.g. nature of the halogen, amine substituents), guiding us 
toward the conception of more efficient catalytic processes.  
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Chapitre 5 
Un nouveau système catalytique d’hydroamination de l’éthylène par l’aniline 
catalysée par K2PtCl4/NaBr dans l’eau 
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Résumé du Chapitre 5. 
L’hydroamination de l'éthylène par l'aniline catalysée par le platine et promue par les 
halogénures est décrite pour la première fois en présence de simples halogénures de sodium dans 
l'eau. Les composés K2PtX4 (X = Cl ou Br), PtX2 ou PtX4 (0.3 mol %) en présence d'une solution 
aqueuse d’un excès de NaX et d'aniline sous pression d'éthylène (25 bar) produisent la N-
éthylaniline avec 60-85 cycles après 10 h à 150 °C. Le meilleur résultat (TON = 85) a été obtenu 
en présence d'un excès de NaBr, alors qu’une activité légèrement plus faible a été observée avec 
NaCl (60 cycles) et l'activité observée avec NaF ou NaI est très faible (2-4 cycles). La réaction 
produit également la N,N-diéthylaniline (jusqu'à 1 cycle) et la 2-methylquinoline (jusqu'à 8 
cycles) comme sous-produits. L'influence de H + et de différents agents oxydants a également été 
examinée. 
 
Abstract of Chapter 5. 
 
The platinum-catalyzed and halide-promoted hydroamination of ethylene with aniline is reported 
for the first time in the presence of simple sodium halides in water. Compounds K2PtX4 (X = Cl 
or Br), PtX2 or PtX4 (0.3% mol) in the presence of an aqueous solution of excess NaX and 
aniline under ethylene pressure (25 bar) afford N-ethylaniline with 60-85 turnovers after 10 h at 
150 °C. The best result (TON = 85) was obtained in the presence of excess NaBr, whereas a 
slightly lower activity was observed with NaCl (60 cycles) and practically no activity with NaF 
or NaI (2-4 cycles). The reaction also produces N,N-diethylaniline (up to 1 cycle) and 2-
methylquinoline (up to 8 cycles) as by-products. The influence of added H+ and different 
oxidizing agents was also examined. 
 
Graphical Synopsis of Chapter 5. 
 
H2O
[Pt]/NaBrH2C CH2+PhNH2
NHEt
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Introduction 
 
 The PtBr2/Br- catalyst as mentioned previously is already quite simple and robust, because it is 
made up of commercially available ligandless platinum halides plus an organic halide additive with 
no need to use organic solvents and was shown to be nearly as efficient when taking no special 
precaution to remove air from the system. However, we strived to further simplify it by changing the 
salt additive to a more readily available and less expensive alkali metal halide, dissolved in water. 
Note that mechanism drawn in the previous section implies only Br-anion, for which another source 
(i.g. NaBr) with the appropriate media (like water) could be used. These are the “greenest” possible 
conditions that one can imagine for this atom-economical transformation. We were pleased with the 
results of this investigation, which will be shown in this Chapter. 
 
Experimental section 
 
Methods and Materials. PtCl2 (STREM), PtBr2 (Alfa Aesar), PtCl4 (STREM), PtBr4 (STREM), 
K2PtCl4 (Alfa Aesar), K2PtBr4 (Aldrich), PdBr2 (Aldrich), Pt black (STREM), NaF (Alfa Aesar), NaX (X 
= Cl, Br, I Acros Organics), CuCl2 (STREM), and nBu4PBr (Aldrich) were used as received. 
Benzoquinone (Acros) was resublimed before use. Aniline and 2-methylquinoline (Alfa Aesar), N-
ethylaniline and N,N-diethylaniline (Acros), and N,N-dibutylaniline (Acros) were distilled under vacuum 
and kept under argon in the dark. Distilled water was degassed by an argon flow before each experiment. 
DMSO, DMF (VWR Prolabo) and EtOH (Carlo Erba) were used as received and degassed by an argon 
flow before experiments. Ethylene (N25) was purchased from Air Liquide. Unless otherwise stated, all 
the manipulations were performed under argon. 
Instrumentation. The GC analyses were performed on a Hewlett-Packard HP 4890 
chromatograph equipped with an FID, an HP 3395 integrator and a 30 m HP1 capillary column. Under 
the selected operating conditions [helium as carrier gas at p = 50 kPa, Tstart = 65°C (2 min), ∆T = 6°/min, 
Tend = 200°C (20 min)] the retention times were: PhNH2, 7 min; PhNHEt, 11 min; PhNEt2, 12 min; 
quinaldine, 15 min; PhN(nBu)2 (external standard), 21 min. Small amounts of by-products (maximum 
intensity of 50% relative to the peak of PhNEt2) were eluted after 13, 15, 17 and 18 min. Calibration 
curves for each compound were obtained using pure samples at several different concentrations. NMR 
(1H and 13C{1H}) investigations were carried out on a Bruker DPX300 spectrometer operating at 300.1 
MHz (1H) and 75.47 MHz (13C{1H}). D2O (traces) and CD2Cl2 (traces) were added for locking purposes 
for the analysis of the water-rich and organic-rich phases, respectively.  
Hydroamination of Ethylene by Aniline. Catalytic experiments were conducted in a 100 ml 
stainless steel autoclave without glass liner under magnetic stirring. It was experimentally observed (see 
Results and Discussion) that the use of glass liners results in inhomogeneous conditions with loss of 
reproducibility. In a typical procedure, the autoclave was charged with the Pt compound (PtX2, or PtX4, or 
K2PtX4; 0.13 mmol) and the desired excess amount of NaX (see Results and Discussion section), closed, 
and submitted to vacuum/argon cycles. Degassed water (15 or 5 ml) and then aniline (4.15 ml, 45 mmol) 
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were added to the autoclave by syringe through a valve equipped with septum and the ethylene pressure 
adjusted to 25 bar (ca. 100 mmol). The temperature was then raised to 150°C. After 10 h, the autoclave 
was allowed to cool to room temperature and slowly vented. The entire reaction mixture was treated with 
the external standard (N,N-dibutylaniline) and extracted with dichloromethane (ca. 60 ml). The organic 
layer was analyzed by GC and GC-MS. Each run presented in this work was performed at least twice (up 
to five times for the most relevant results). A statistical analysis of reproducibility gives the following 
errors for the measured TON values: PhNHEt, ± 10; PhNEt2 and quinaldine, ±1. 
 
 
Results and discussion 
 
Our study started with a verification of the previously published experimental work.1 We found 
the same results at the qualitative level, with the reaction producing N-ethylaniline (major), N,N-
diethylaniline (traces) and 2-methylquinoline or quinaldine (minor), see Scheme 1. However, the 
occasional lack of reproducibility encouraged us to test the reaction in the absence of glass liner, 
yielding reproducibly higher TON, see Table 1. This phenomenon is attributed to the accumulation of 
condensed substrate vapours in the small cavity between the glass liner and the autoclave walls, as 
indeed experimentally observed. As shown in Table 1, the previously reported decrease of the 
activity upon increasing the salt amount was confirmed. All subsequent experiments were therefore 
run in the absence of glass liner. 
 
 
H2C CH2+PhNH2
[Pt] (0.3%)
150 oC, 10 h
NHEt NEt2
N Me
+ +
25 bar halide salt(excess)  
Scheme 1 
  
The process was then investigated with aqueous NaBr in place of nBu4PBr. This salt was 
initially selected because the bromide anion was previously shown to yield the best activities for the 
tetra-n-butylammonium salt series (see introduction). All runs were carried out over 10 h, the same 
lapse of time used in the previous work with nBu4PBr.1 The same three products shown in Scheme 1 
were again obtained in roughly the same proportions, with only a marginally lower catalytic activity, 
see  
Table 2, run 3. Some other organic compounds were also detected in trace amounts (<0.5%), 
among which 1,2,3,4-tetrahydro-2-methylquinoline could be identified on the basis of a GC-MS 
analysis. Note that exactly the same product composition was previously observed when using 
nBu4PBr, underlying the same mechanism.1 Note also that no catalysis was observed in the absence 
of PtBr2 (run 4), and a very low activity was recorded in the presence of PtBr2 but in the absence of 
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NaBr (run 5). Thus, the activating role of the bromide salt is confirmed for the new catalytic 
conditions reported here. 
Table 1. Pt-catalyzed aniline addition to ethylene in the presence of nBu4Br.a 
run Salt/Pt  Glass 
liner 
PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
Ref. 
 10 Yes 130 1 10 40 Ch. 
2 
 150 Yes 80 1 10 26 1  
1 10 No 140 3 15 45 b 
2 150 No 100 1 15 33 b 
aConditions: PtBr2 (0.13 mmol), aniline (4.15 mL), ethylene (25 bar at RT), nBu4Br, T = 150°C, t = 10 h. 
bThis work. 
 
Table 2.  Pt-catalyzed aniline addition to ethylene in the presence of aqueous NaBr.a 
run Salt/Pt  Time 
(h) 
PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
3 150 10 85 1 8 27 
4 b 10 ~0.6 0 1 0.5 
5 0 10 5 ~0.1 1 1.7 
6 150 24 90 1 8 28 
7 150 48 90 1 8 28 
aConditions: PtBr2 (0.13 mmol), aniline (4.15 ml), ethylene (25 bar at RT), NaBr (150 equiv) in water (15 
mL), T = 150°C. bSame amount of NaBr as in run 3, in the absence of PtBr2. 
 
One question that needs to be addressed is the effect of the reaction time and of possible 
catalyst deactivation. The Brunet catalyst was already shown to deposit inactive metallic Pt with 
activites reaching a plateau after ca. 10 h: the TON for the N-ethylaniline product were 37 after 1 h, 
64 after 2.5 h, 72 after 5 h and 80 after 10 h.1  We have therefore tested our system at longer reaction 
time (runs 6 and 7). Activites were essentially the same as after 10 h, confirming that the catalyst is 
totally deactivated. Visual inspection of the reaction mixture confirms the total convertion of the 
catalyst into the metallic state. The discharged reaction mixture consists of a two phase system with a 
colorless aqueous phase and a black stable suspension in the organic layer.  
 We next proceeded to investigate the influence of the NaBr amount. Runs 3 and 4 involved 
~2 g of NaBr, whereas > 10 g can be dissolved in the same amount of water at room temperature. It 
should be remarked that aniline is also partially soluble in water (3.6 g/100 mL at 20°C)2 and this 
certainly has an influence on the NaBr solubility. At the reaction temperature of 150ºC, the 
water/aniline miscibility is expected to significantly increase and the NaBr solubility may also 
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increase, but a miscibility study of the water/aniline/NaBr ternary system does not appear available. 
We were only able to find a phase diagram of the water-aniline mixture at 1 atm, showing 
equilibrium between two phases containing respectively 16% and 78% aniline at 150°C. The 
presence of NaBr in large quantities is expected to render the two liquids less miscible, thus a 
biphasic system is certainly present under catalytic conditions. In addition, the system is further 
complicated by the presence of ethylene. A phase diagram investigation for this complex mixture is 
beyond the scope of the present study. The catalytic results obtained in the presence of variable NaBr 
amounts are presented in Table 3. 
 
Table 3.  Pt-catalyzed aniline addition to ethylene. Influence of the NaBr and water amounts.a 
run Salt/Pt Water 
(mL) 
PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
8 10 15 24 ~0.3 3 8 
9 100 15 64 1 6 20 
10 200 15 45 1 5 15 
11 500 15 27 6 3 10 
12 10 5 62 2 7 20 
13 50 5 74 3 8 24 
14 100 5 61 3 8 21 
15 150 5 31 2 7 11 
aConditions as in  
Table 2, except for the amount of NaBr and/or water.  
 
It is clearly seen that upon increasing the NaBr amount beyond 150 equivalents the total 
activity decreases (runs 10 and 11), which is in agreement with the results obtained in the presence of 
nBu4PBr (Table 1), while the selectivity tends to shift in favour of the N,N-diethylamine product. 
Reducing the amount of salt also resulted in loss of activity (runs 8 and 9). This behaviour is 
different from that of the nBu4PBr promoter, for which a higher activity was observed with a Br/Pt 
ratio of 10 (Table 1). The best activity remains that observed in run 3 (Table 2)  with 150 equivalents 
of NaBr per Pt. Note also that the entire NaBr amount was found dissolved (not observed as a solid) 
in all the recovered mixtures. Next, we have tested the influence of the amount of water in the 
medium. Reducing the amount of water from 15 to 5 mL for either a tenfold (run 12) or a fifty-fold 
(run 13) excess of NaBr gave a higher activity, close to that of run 3 in Table 2. However, upon 
further increasing the NaBr amount the overall activity decreases (runs 14, 15). In this case the best 
activity was found with a fifty-fold excess. 
The influence of H+ on the reaction was also examined. This study was justified by the previous 
report of a positive effect of catalytic amounts of strong acids (3 equiv per Pt), which would be 
levelled in strength to anilinium in the reaction medium.1 The same phenomenon might be expected 
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under the present catalytic conditions, since aniline is a stronger base than water. The catalytic 
results, see Table 4, show that acids do not have a promoting effect under the present conditions. 
Rather, a small but significant decrease of activity was revealed in the presence of excess acid. One 
equivalent of acid (either HBr or CF3COOH) has essentially no effect on the activity (cf. runs 16 and 
20 with run 3), but further acid addition (runs 17-19, 21) has a negative effect on the activity. Note 
also that the reaction selectivity changes, the TON decreasing for ethylaniline and quinaldine and 
increasing for diethylaniline as the amount of HBr increases (runs 16-19). 
 
Table 4. Pt-catalyzed aniline addition to ethylene. Influence of added acids.a 
run acid (eq)  PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
16 HBr (1) 88 2 8 28 
17 HBr (3) 78 3 7 25 
18 HBr (5) 41 4 5 14 
19  HBr (20) 26 9 3 11 
20 CF3COOH (1) 79 2 8 25 
21 Et2O·HBF4 (3) 51 4 6 17 
a Conditions as in  
Table 2, run 3, except for the acid addition.  
 
We have also investigated the effect of specific oxidants as additives, in an attempt to avoid 
the deposition of Pt0 or oxidize it back to an active form of the catalyst. Pt0 is not active for the 
ethylene hydroamination: a test run in the presence of the same catalytic amount of platinum black 
gave only a 0.6% conversion with ca. 1 TON for ethylaniline and 1 TON for quinaldine (essentially 
the same results as in the control without Pt compound, run 4). Agents such as benzoquinone,3-5 
O2/CuCl2,6-8 or O2/DMSO9 were shown to oxidize Pd0 for related catalytic systems.  The results are 
shown in Table 5. As mentioned above, the catalytic reaction most certainly occurs in a biphasic 
system at 150°C. Thus, we have explored the effect of the addition of compatibilizing solvents, in an 
attempt to homogenise the system. The addition of bipolar aprotic solvents such as DMF or DMSO 
(ca. 7 ml) completely homogenise the system aniline-water-NaBr (150 eq) at room temperature. The 
catalytic results, see Table 6, show complete or nearly complete deactivation by DMSO (run 30) or 
DMF (run 31), respectively. It should be noted that DMSO and DMF are also strong ligands. In a 
previous study, we have shown that isolated Pt-aniline complexes lose the aniline and/or ethylene 
ligand upon dissolution in DMSO. On the other hand, heating the same complexes in DMF leads to 
decomposition. Thus, although DMSO and DMF are able to homogenise the system, they probably 
lead to other stable and catalytically inactive Pt complexes. Conversely, the addition of EtOH leads 
to a marginally lower activity (cf. run 32 and run 3). 
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We first carried out the reaction in the presence of air (run 22), yielding approximately half the 
activity recorded under argon (run 3). Further addition of CuCl2 and HCl to the system (conditions of 
the Wacker process) further decreases the activity. The negative effect of strong acids has been 
pointed out above (runs 16-19), but note that the presence of CuCl2 also seems to have a negative 
effect in this case, because the activity in the presence of CuCl2 alone is lower than that in the 
presence of HCl alone (run 24), and this does not greatly depend upon whether the catalysis is run 
under argon (run 25) or in the presence of air (run 26). The presence of benzoquinone or DMSO/air 
also does not improve the results (runs 27 and 28). The activity in the presence of DMSO under 
argon (run 29) is slightly better than in air (run 28), but still lower than that of run 3 in the absence of 
DMSO. The formation of a Pt0 deposit was still observed in all these catalytic runs. 
As mentioned above, the catalytic reaction most certainly occurs in a biphasic system at 
150°C. Thus, we have explored the effect of the addition of compatibilizing solvents, in an attempt to 
homogenise the system. The addition of bipolar aprotic solvents such as DMF or DMSO (ca. 7 ml) 
completely homogenise the system aniline-water-NaBr (150 eq) at room temperature. The catalytic 
results, see Table 6, show complete or nearly complete deactivation by DMSO (run 30) or DMF (run 
31), respectively. It should be noted that DMSO and DMF are also strong ligands. In a previous 
study, we have shown that isolated Pt-aniline complexes lose the aniline and/or ethylene ligand upon 
dissolution in DMSO. On the other hand, heating the same complexes in DMF leads to 
decomposition. Thus, although DMSO and DMF are able to homogenise the system, they probably 
lead to other stable and catalytically inactive Pt complexes. Conversely, the addition of EtOH leads 
to a marginally lower activity (cf. run 32 and run 3). 
 
Table 5.  Pt-catalyzed aniline addition to ethylene. Influence of oxidants.a 
run additive (eq) PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
22 - b 43 2 5 14 
23 CuCl2 (5), HCl 
(5) b 
24 2 2 8 
24 HCl (5) b 39 2 6 13 
25 CuCl2 (5) 15 1 1 5 
26 CuCl2 (5)b 20 2 3 7 
27 benzoquinone 
(10) 
69 1 7 22 
28 DMSOb (10) 13 0.4 6 6 
29 DMSO (10) 23 1 7 9 
a Conditions as in  
Table 2, run 3, except for the additive. b Experiment run without removing air from the aniline and from 
the autoclave head space. 
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Table 6.  Pt-catalyzed aniline addition to ethylene. Influence of added solvents.a 
run additive 
(mL)  
PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
30 DMSO 
(7) 
0 0 0 0 
31 DMF (7) 3 0 1 1 
32 EtOH (2) 72 2 8 23 
a Conditions as in  
Table 2, run 3, except for the additive.  
 
Another important point to investigate was the influence of the halide nature. We have tested 
the entire series of sodium halides NaX, including the fluoride not previously investigated along the 
nBu4PX series.1, 10, 11 The results, reported in Table 7, show that practically no reaction takes place 
when X = F or I. The highest activities were observed in the middle of the Group for X = Br and Cl, 
with Br being slightly better. These results perfectly parallel those previously established for the 
nBu4PX system. 
Finally, we have tested other source of Pt different from PtBr2, namely K2PtX4, PtX4 (X = Cl 
or Br) or PtX2 (X = Cl, I), and also PdBr2. According to the proposed mechanism (see Previous 
Chapters), all the Pt precatalysts should yield [PtBr4]2- as the dominant species in the presence of 
excess NaBr, or [PtBr3(C2H4)]- in the presence of C2H4 (see previous Chapters). Furthermore, PtX4 
could be easily reduced to the same PtII complexes under the catalytic conditions, for example by 
ethylene to form CH2BrCH2Br. Indeed, compounds PtBr2, PtBr4 and PtCl4 were previously shown to 
have essentially the same catalytic activity in the presence of the same excess amount of nBu4PBr.11 
As can be seen from the results in Table 8, the different Pt compounds also give essentially identical 
results under the new conditions reported in this contribution. Only marginally lower activities were 
obtained with PtCl2 (run 38), perhaps because it slowly decomposes upon standing in air and a 
partially impure sample may have been used. Much poorer results were also obtained with PtI2 (run 
39), possibly for similar reasons.  
 
Table 7. Pt-catalyzed aniline addition to ethylene. Influence of the halogen in NaX.a 
run salt  PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
33 NaF 2 0 1 1 
34 NaCl 60 1 5 19 
35 NaI 4 ~ 0.3 2 2 
a Conditions as in  
Table 2, run 3, except for the nature of NaX. 
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Table 8. Catalyzed aniline addition to ethylene. Influence of the pre-catalyst nature.a 
run [Pt]  PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
Conv. 
(%) 
36 K2PtCl4 86 1 8 27 
37 K2PtBr4 81 1 7 25 
38 PtCl2 70 1 8 23 
39 PtI2 19 1 2 7 
40 PtCl4 80 2 8 26 
41 PtBr4 76 3 6 24 
42 PdBr2 1 0 ~0.3 0.4 
a Conditions as in  
Table 2, run 3, except for the nature of the pre-catalyst.  
 
A last catalytic run was performed with PdBr2 (run 42). Both platinum(II) and palladium(II) 
complexes activate olefins toward nucleophilic attack, but in contrast to their Pd(II) counterparts, 
Pt(II) alkyl complexes are less prone to β-hydride elimination, whereas they maintain reactivity 
toward protonolysis. Thus, Pd systems resulting from amine nucleophilic addition to coordinated 
ethylene usually prefer to undergo oxidative amination.5, 12, 13 However, run 42 led to essentially no 
reaction. Neither the expected hydroamination products nor the oxidative amination products were 
detected by either gas chromatography or 1H NMR on both the organic and the aqueous phases (a 
few small and unassigned resonances corresponded to < 0.5 % of aniline consumption). 
An interesting question concerns the possible nucleophilic addition of water to coordinated 
ethylene. Such reactivity would result in parallel catalytic processes (formation of ethanol by 
protonolysis with regeneration of PtII, although the reverse process has rather been shown to be 
favored14) or stoichiometric processes (formation of acetaldehyde by β-H elimination with formation 
of Pt0 as in the Pd-catalyzed Wacker process), see Scheme 2. The latter events might in fact 
rationalize the slightly lower TON (faster catalytic deactivation) of this aqueous catalytic system 
relative to the Brunet system. Note that, although no direct nucleophilic attack of PtII-coordinated 
olefines by water or alcohols has been reported under neutral conditions,15 both ethanol and 
acetaldehyde were previously observed from the reaction of PtII-ethylene derivatives upon standing 
in water and ethylene glycol may also be formed in the presence of oxidants.16-20 In an aqueous 
aniline environment, it is also envisageable that acetaldehyde may be present as the hydrate 
CH3CH(OH)2 or transformed to the imine CH3CH=NPh. In order to verify whether any of these 
products are formed, an NMR (1H and 13C{1H}) analysis of both the aqueous and organic phases was 
performed for runs 6 and 7. In addition to the recognizable resonances of aniline and the three 
observed products (Scheme 1), other small resonances were indeed visible in the methyl proton 
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region (δ ca. 1.8, 1.4 and 1.3), and only in the organic phase. Integration of these resonances, 
however, indicated that they correspond to < 1 TON. Thus, even assuming that one of these 
resonances belong to ethanol, we can conclude that the catalyzed ethylene hydration is much less 
efficient than the hydroamination by aniline. The possible formation of a small stoichiometric 
amount of CH3CHO, CH3CH=NPh, or other products of further reactions cannot be excluded and it 
may indeed contribute to faster catalyst deactivaton.   
 
H2O+
PtII
PtII
OH
-H+ H+
PtII + CH3CH2OH
β-H elim. PtII
H
OH
Pt0 + H+
+ CH3CHO
+ C2H4
 
Scheme 2 
Conclusions 
 
The efficiency and potential of the Pt-catalysed ethylene hydroamination by aniline under 
green operating conditions (NaBr/water as additive) has been demonstrated. The optimized 
conditions (run 3 in Table 2) lead to about 85 catalytic turnovers in 10 h. Although the catalytic 
activity, in terms of TON, is ca. 44 % lower than the system operating with nBu4PBr and without 
water under identical conditions, this new system represents a valuable gain in terms of operational 
simplicity and environmental impact, because the nBu4PBr salt can be replaced by the much more 
accessible, less toxic,21, 22 and water-soluble NaBr. New mechanistic information is also given by the 
lack of a major inhibiting effect of water or ethanol, whereas the presence of large amounts of DMF 
and DMSO results in a dramatic decrease of catalytic activity, as was already shown earlier for 
phosphine ligands.1 The absence of significant amounts of ethanol in the reaction products 
demonstrates that hydration is not competitive relative to the addition of the aniline N-H bond, 
whereas possible stoichiometric Wacker-type processes leading to Pt reduction may rationalize the 
slightly lower performance of the acqueous system relative to PtBr2/nBu4PBr. Higher turnovers 
cannot be achieved because of complete catalyst deactivation. A future challenge will be to engineer 
a catalyst for which this deactivation process is retarded or eliminated. 
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Chapitre 6 
Catalyse d’hydroamination de l’ethylène par l’aniline en présence de PPh3 : 
orientation de la chimiosélectivité.  
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Résumé du Chapitre 6. 
Les études de l’hydroamination de l’éthylène par l’aniline catalysé par le platine en présence de 
PPh3 (1 équivalent) ont montré que la sélectivité de la réaction peut être orientée vers la 
formation très majoritaire de la quinaldine. 
 
Abstract of Chapter 6. 
Investigations of the platinum-catalyzed hydroamination of ethylene with aniline in the presence 
of PPh3 (1 equiv) was found to change the reaction selectivity in favour of quinaldine.   
 
 
Graphical abstract. 
 
 
N Me
NH2
PtBr2/PPh3 (0.3%)
nBu4PBr (3%)
10h, 150°C  
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Introduction 
 
The synthesis of nitrogen-containing heterocycles, such as quinoline and its derivatives, is the 
subject of extensive research in organic chemistry, because the quinoline scaffold is present in many 
biologically active compounds. Applications of quinolines in medicinal chemistry include the use as 
antimalarial, antiinflammatory, antiasthmatic, antibacterial, antihypertensive and tyrosine kinase 
inhibitory agents.1 Quinoline-based polymers are currently investigated for applications as thermally 
stable transparent materials in the fields of electronics, optoelectronics and nonlinear optics.1 The simplest 
quinoline derivate, quinaldine or 2-methylquinoline, is used in anti-malaria drugs, in manufacturing dyes 
(that are used in dyes for petroleum products, plastic synthetic fibres and smoke dyes), in food colorants 
(e.g. Quinoline Yellow WS), in pharmaceuticals, in pH indicators, and as an anaesthetic used in fish 
transportation or as a starting compound for the preparation of many other heterocycles.2, 3 Many 
traditional methods of preparation, such as the Skraup, Doebner–von Miller, Conrad–Limpach, and 
Pfitzinger syntheses, suffer from harsh reaction conditions, low stereoselectivity or consist of multiple 
steps, resulting in low overall yields.4 The Friendländer method is generally considered to be the most 
versatile synthesis, although its full potential is limited by the use of unstable aminobenzaldehydes.1 In 
addition to these conventional named reactions for the assembly of the quinoline nucleus, several 
organometal-catalyzed approaches have recently been developed. Ruthenium complexes catalyze the 
reaction of aniline with allyl alcohols,5 triallylamines,6 allylammonium chlorides6 and even alkylamines.7 
Substituted quinolines were synthesized via ring closing metathesis of α,ω-dienes derived from 2-
isopropenylaniline.8-10  Pd, Ni, Rh, and Co complexes have also been used for metal-mediated quinoline 
synthesis,1 while CuCl2/O2, first and second generation Grubb’s catalysts, Pd/C, RuCl2(DMSO)4, IrCl3 
and [IrCl(cod)]2 were used in particular for a modified Friendländer method.1  
Of particular interest is the previous report by Brunet that the PtBr2/nBu4PBr catalyst for the 
addition of aniline to ethylene11 and 1-hexene12 also produces quinolines as secondary products. A typical 
catalytic run for the addition of aniline to ethylene gave N-ethylaniline, PhNHEt, as the main product (ca. 
80 cycles), but also significant amounts of quinaldine as secondary product (ca. 11 cycles) and even lesser 
amounts of the double addition product, N,N-diethylaniline, PhNEt2.11 In that work, attempts to run the 
reaction in the presence of 2 equiv PPh3, PEt3 or P(OEt3)3 were also made, see Table 1. Nearly no activity 
was observed in the presence of the phosphine ligands (runs 2 and 3), whereas the phosphite ligand (run 
4) gave practically the same activity as without added ligand (run 1). Such a different outcome was 
unexpected, even though the ligands differ substantially in terms of stereoelectronic properties. On the 
other hand, the observation of the same activity in the presence of the phosphite ligand indicates that this 
compound has no effect on the catalysis. One possible way to interpret this phenomenon (which remains 
to be demonstrated) is the intervention of an Arbuzov process, induced by nBuBr which may be present as 
an impurity or generated by decomposition of nBu4PBr under the harsh condition of the catalytic process 
(P(OPh)3 Æ nBu(PhO)2P=O). Thus, the phosphorus atom is no longer available to coordinate the metal 
atom. 
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Table 1. Reaction of Aniline with Ethylene in the Presence of P-ligands (data from ref. 11).a 
run Ligand 
(mmol) 
PhNHEt 
TON 
PhNEt2 
TON 
Quinaldine 
TON 
yield  
(%)b 
1 - 80 1 11 33 
2 PPh3 (0.26) 6 ~1 13 6 
3 PEt3 (0.26) 2 ~1 2 1 
4 P(OPh)3 (0.26) 110 ~1 13 36 
aConditions: PtBr2 (0.13 mmol), nBu4PBr (150 eq relative to [Pt]), PhNH2 (45 mmol), C2H4 (25 bar at RT, 
ca. 100 mmol), 150°C, 10h. bBased on charged aniline  
 
We were intrigued by the report of Wang and Widenhoefer,13 already described in Chapter 1, where 
the influence of the amount of phosphorous ligands on the addition of benzamide to ethylene catalyzed by 
[PtCl2(C2H4)]2 was also examined. While 2 equiv of PPh3 per Pt atom were found to completely poison 
the catalyst, 1 equiv of PPh3 resulted in an active catalytic system. On the basis of these results, we 
decided to test the Brunet catalytic system (PtBr2/nBu4PBr) in the presence of only 1 equiv of PPh3 per Pt 
atom. In this chapter we present the use of PtBr2/nBu4PBr/PPh3(1 eq) for the hydroamination of ethylene, 
which changes the chemoselectivity in favour of the 2-methylquinoline product (quinaldine). 
 
Results and Discussion 
 
The first comparative results are presented in Scheme 1. The addition of only 1 equiv of PPh3 
results in a significant aniline conversion of 26% (vs. 40% in the absence of PPh3 and only 6% in the 
presence of 2 equiv of PPh3 (Table 1, run 2)), but results however in a dramatic change of selectivity, 
with formation of quinaldine (62 cycles, 18% based on aniline) as the main product. The primary 
hydroamination product (PhNHEt) is still observed but with only 23 cycles. It is also interesting to note 
the formation of 1,2,3,4-tetrahydroquinaldine, a presumed precursor of quinaldine by dehydrogenation, 
with ca. 6 cycles. This compound was also detected when using the Brunet catalytic system, although 
only in trace amounts.11 
 
H2C CH2+PhNH2
[PtBr2] (0.3%)
150 oC, 10 h
NHEt
N Me
+ +
25 bar
130 cycles 10 cyclesca 1 cycle[TBPBr] (3.0%)
45 mmol 100 mmol
NEt2
H2C CH2+PhNH2
[PtBr2] (0.3%)
150 oC, 10 h
NHEt
N Me
+ +
25 bar
23 cycles 62 cyclesca 6 cycles
H
N
[PPh3] (0.3%)
[TBPBr] (3.0%)
45 mmol 100 mmol
 
Scheme 1. Influence of the added PPh3 on the reaction. 
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Other heterocyclic products were also observed (by GC-MS analysis) in this catalysis, see Scheme 
2. An NMR analysis of the gas phase after the reaction (the gases were bubbled through D2O) revealed 
also the formation of significant amount of ethane together with some residual ethylene.  
 
 NH2
ca. 0.1 cycle
NEt2
ca. 0.02 cycles
NH2
ca. 0.03 cycle
+ + +
NH
Et
ca. 1
cycle  
Scheme 2. Other identified products of the PtBr2/nBu4PBr/ PPh3 (1 eq) catalysis. 
    
Another very important difference relative to the experiment run in the absence of PPh3 is that 
practically no black precipitate (presumably metallic Pt) was observed on the autoclave walls at end of 
the reaction. Hence, the presence of PPh3  probably protects the PtII catalyst against reduction to Pt0. As 
shown in the original report11 and confirmed in Chapter 5, the Brunet catalyst (PtBr2/nBu4PBr) becomes 
practically inactive within 10 h. Further investigation of the PtBr2/nBu4PBr/PPh3(1 equiv) system aimed at 
testing its longevity and deactivation process are among the perspectives for future work. In a preliminary 
test, however, a new portion of aniline as well as fresh ethylene were added to the autoclave after the end 
of a catalytic run, yielding the results shown in Scheme 3. The observed combined TON for the 
quinaldine confirms that the catalyst is still active after 10 h. Once again, practically no deposition of 
black precipitate was observed. 
 
 
H2C CH2+PhNH2
[PtBr2] (0.3%)
150 oC, 10h + 10h25 bar
[PPh3] (0.3%)
[TBPBr] (3.0%)
45 mmol
+ 45 mmol
100 mmol
+ 100 mmol
NHEt
N Me
+ +
22 cycles 90 cyclesca 5 cycles
H
N
 
Scheme 3. Catalysis in two portions, see text for details. 
    
On the basis of the recent modification of the Brunet system by K2PtCl4/NaBraq (Chapter 5), we 
have also tested the K2PtCl4/NaBraq/PPh3 combination under aqueous conditions, see Scheme 4. The first 
striking observation is that the system is ca. in 4 times less productive relative to the non aqueous system. 
However, quinaldine is still the major product. No significant amount of 1,2,3,4-tetrahydroquinaldine is 
observed in this case. Substitution of PPh3 by TPPTS (3,3’,3”-phosphinidynetris(benzenesulfonic acid) 
trisodium salt), aiming at improving the catalyst solubility in the aqueous phase, gives essentially 
identical results. 
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H2C CH2+PhNH2
[K2PtCl4] (0.3%)
150 oC, 10 h
NHEt
N Me
+ +
25 bar
8 cycles 14 cyclesca 0 cycle
H
N
[PPh3] (0.3%)
H2O/[NaBr] (150 eq)
45 mmol 100 mmol
H2C CH2+PhNH2
[K2PtCl4] (0.3%)
150 oC, 10 h25 bar
[TPPTS] (0.3%)
H2O/[NaBr] (150 eq)
45 mmol 100 mmol
NHEt
N Me
+ +
9 cycles 12 cyclesca 0 cycle
H
N
 
Scheme 4. Catalytic system K2PtCl4/NaBraq/PR3 for quinaldine synthesis. 
    
In order to understand the role of PPh3 on the outcome of the reaction and to possibly further 
improve the yield and selectivity, a thorough understanding of the mechanism would be necessary. The 
transformation appears rather complex and few mechanistic studies have been reported in the literature. 
Although the formation of quinaldine from the aniline/C2H4 reaction has not yet been rationalized, a 
mechanistic study has been published by Brunet on a related process which bears close similarities.14  It 
was noted that the PtBr2/nBu4PBr catalyzed reaction between 1-hexene and aniline in the presence of 
nBu3N (meant to serve as a co-solvent), aimed at generating hydroamination products, yielded instead 
PhNHBr and 2-propyl-3-ethylquinoline (Scheme 5a). The formation of the butylaniline has been 
rationalized by a catalyzed transalkylation process with nBu3N, as also previously reported and 
rationalized by other authors.15-18 The same reaction conducted in the absence of 1-hexene gave the same 
products, although with a much lower yield of the quinoline product, Scheme 5b. A related literature 
report also exists on the same reaction with nPr3N, catalyzed by a ruthenium complex (Scheme 5c).7  
  
H2C CH+
PtBr2 (0.13 mmol)
nBu4PBr (8.45 mmol)
150 oC, 96 h
NHnBu
N C3H7
+
5 cycles 30 cycles45 mmol 90 mmol
NH2
C4H9 + nBu3N
5 mL
C2H5
(a) ref . 14
+
PtBr2 (0.13 mmol)
nBu4PBr (8.45 mmol)
150 oC, 96 h
NHnBu
N C3H7
+
4 cycles 2 cycles45 mmol
NH2
nBu3N
5 mL
C2H5
(b) ref . 14
H2C CH+
NHnPr
N C2H5
+
28%* 63%*
NH2
C4H9 + nPr3N
CH3
(c) ref . 7
RuCl3.H2O (0.08 mmol)
6 mmol 1 mmol10 mmol 180 oC, 20 h
dppm (0.12 mmol)
SnCl2 H2O(1 mmol)
*based on trialkylamine  
Scheme 5. Selected results of transalkylation/quinoline formation from the literature.  
 
The first conclusions to be drawn from these experiments are that the olefin is not incorporated into 
the quinoline product (the quinoline substituents originate from the R3N co-reagent), but favours its 
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formation. The latter phenomenon is easily rationalized by the need to eliminate 6 H atoms during the 
quinoline formation (2 in the cyclization and 4 in the aromatisation), thus the olefin may help by acting as 
an H acceptor.  Indeed, the experimental observation of the tetrahydroquinoline product and of ethane 
(almost certainly derived by the sacrificial use of ethylene to capture H atoms in the cyclisation and 
aromatisation steps), represents strong evidence that the tetrahydroquinoline compound is an intermediate 
on the way to the quinoline final product (Scheme 6).  
 
 
N Me
H
N
CH2H2C
CH3H3C  
Scheme 6. Transfer dehydrogenation of 1,2,3,4-tetrahydroquinaldine by ethylene. 
 
The fact that the trialkylamine reagent, rather than the olefin, provides the quinoline substituents, as 
well as the positive effect of the olefin in quinoline formation, were further confirmed by the results 
shown in Scheme 7, where n-alkylaniline instead of aniline/trialkylamine serves now as single substrate.14 
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+
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NH2
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H2C CH+
45 mmol 90 mmol
NHEt
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+
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+
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NH2
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C5H11
(quinaldine not
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(dihexylaniline
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NH(C6H13)
PtBr2 (0.13 mmol)
nBu4PBr (8.45 mmol)
150 oC, 96 h
+
3 cycles
NHEt
45 mmol
(d)
N C6H13
7 cycles
C5H11
+ H2C CH2
25 bar
100 mmol
+
6 cycles
N(Et)(C6H13)
 
Scheme 7. Additional results of transalkylation/quinoline formation from ref. 14.  
 
In the same study, it was also established that Pt0 (which inevitably forms by catalyst deactivation 
processes) is also able to catalyze the transalkylation reaction, but is completely inactive for the quinoline 
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formation. It was also found that the bromide co-catalyst increases the quinoline yield, which was 
tentatively interpreted as an effect of catalyst stabilization, retarding its decomposition to Pt0. A similar 
explanation could also apply to the effect of PPh3. An excess of PPh3 blocks the coordination sites 
necessary for the catalytic reaction to occur, thus the activity dramatically decreases. However, 
coordination of only one PPh3 ligand allows the catalyst to turn over but also stabilizes it against 
deactivation to Pt0. Hence, the reaction may continue, leading to the quinoline product.  
Concerning the intimate mechanism of the quinoline nucleus formation, there are two hypotheses in 
the literature. One, formulated by Diamond for the Rh-catalyzed aniline/C2H4 system,19, 20 consists of an 
aromatic ortho-C-H activation, followed by ethylene coordination and insertion as shown in Scheme 8a. 
This hypothesis, however, has been criticized by Brunet, because of the evidence that the olefin is not 
incorporated in the quinoline cycle for his Pt catalytic system. He also showed, by quantitative analysis of 
the quinoline product obtained from N-ethylaniline (Scheme 7b), that the maximum amount of ethylene 
that may be produced from the N-ethyl groups of the substrate is insufficient to account for all the 
quinaldine produced, ruling out the Diamond mechanism for his system. He thus proposed the alternative 
mechanism shown in Scheme 8b (adapted to the N-ethyl derivative), where the alkylaniline would first be 
dehydrogenated to the imine (the H2 would be capture by olefin, speeding up the reaction), followed by 
imine dimerization. These steps are based on literature precedents. The cyclization process would then 
occur on this intermediate, favoured once again by captures of the produced H2 by olefin. A few obscure 
points however remain, such as whether the imine dimerization is spontaneous or Pt-catalyzed, how does 
the deamination step take place, etc.  
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NH2
[Rh]
H
C2H4
NH2
[Rh]
H
2 C2H4
C2H6
NH2
[Rh]
N
PhNH2
(a)
       
 
[Pt]
PhNHEt
[Pt]H2
PhN CHCH3
PhN CHCH3
[Pt] H2
PhNH
PhN[Pt]
x 2
[Pt]
NPh
N
H
H
N
H
N
[Pt] PhH
H2
PhNH2
N
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Scheme 8. Proposed mechanisms for the formation of the quinoline nucleus.  
 
In an attempt to throw additional light on this process, we have carried out a few additional 
experiments. The first one was motivated by the observation that 5 molecules of ethylene are necessary 
when starting from aniline for the formation of quinaldine (two molecules to create the 1,2,3,4-
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tetrahydroquinaldine moiety, one molecule to assist the cyclization process, and two to assist transfer 
dehydrogenation). Under the conditions of Scheme 1 (aniline:ethylene = 1:2.2), the maximum aniline 
conversion for 100% ethylene consumption is 44% (the quinaldine yield of 18% relative to aniline is 
actually 41% relative to the limiting C2H4 reagent). The amount of produced quinaldine is thus expected 
to increase upon increasing the ethylene pressure. Indeed, under 50 bars of ethylene (the maximum 
pressure that could be used for our system, which corresponds to a PhNH2:C2H4 ratio of 1:4.4), the TON 
of each product was ca. 1.5 times higher, see Scheme 9 (yield of 25.7% relative to aniline). This result 
was fully expected on the basis of all mechanistic hypotheses.  
 
 
H2C CH2+PhNH2
[PtBr2] (0.3%)
150 oC, 10 h50 bar
[PPh3] (0.3%)
[TBPBr] (3.0%)
45 mmol 200 mmol
NHEt
N Me
+ +
35 cycles 89 cyclesca 10 cycles
H
N
 
Scheme 9. Influence of pressure on the catalysis. 
 
We also repeated the Brunet experiment from N-ethylaniline as a starting material (Scheme 7b), 
but using ethylene instead of hexene, under the same conditions shown in Scheme 1. Relative to the 
Brunet system, the presence of PPh3 is also a difference. Although quinaldine was obtained with a TON 
of 5 (Scheme 10a), its amount is much smaller than when starting from aniline, cf. with Scheme 1. This is 
an unexpected result on the basis of the interpretation of the quinoline formation mechanism presented by 
Brunet. This result would seem more consistent with a pathway that leads to the quinaldine product 
directly from aniline, not needing the production of N-ethylaniline as an intermediate. In addition, the 
result does not appear to change significantly upon doubling the ethylene pressure (Scheme 10b). Sorting 
out whether indeed N-ethylaniline is an intermediate or not in the quinaldine synthesis from aniline will 
require more detailed kinetics experiments.  
 
 
H2C CH2
[PtBr2] (0.3%)
150 oC, 10 h
NH2
N Me
+ +
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2 cycles 5 cyclesca 7 cycles[PPh3] (0.3%)
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45 mmol 100 mmol
H2C CH2
[PtBr2] (0.3%)
150 oC, 10 h50 bar
[PPh3] (0.3%)
[TBPBr] (10 equiv)
45 mmol 200 mmol
N Me
+ +
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+
NHEt
+
NH2
NEt2
NEt2
(a)
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Scheme 10. Hydroamination vs. dehyrocyclization of PhNHEt,. 
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We have carried out a catalytic test in the presence of 3 eq TfOH, since it was shown that this has a 
positive effect on the hydroamination reaction.11 The comparative studies are presented in Scheme 11. It 
can be clearly seen that the added acid has a negative effect on the main catalytic processes leading to 
hydroamination and quinaldine formation. On the other hand the formation of the minor hydroarylation 
products is substantially increased. This is also an unexpected result, because the negative effect is also 
seen on the hydroamination product yield, contrary to the simpler Brunet catalyst (without PPh3). The 
strong acid seems to stabilize the zwitterionic form of the Brunet catalyst against reductive decomposition 
(see next chapter). How the presence of PPh3 leads to the opposite effect is quite unclear. The strong acid 
should in principle be neutralized by the strongest base present in the system, which is the aniline, to give 
PhNH3+. Thus, PPh3 should remain available to coordinate the catalytic metal. However, the effect of the 
acidity on the subsequent catalytic intermediates is not predictable without a thorough knowledge of the 
mechanistic details.  
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[TBPBr] (3.0%)
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+ +
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H
N
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NH2
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+
NH2
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NEt2
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+
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+ +
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+
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+
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Scheme 11. Comparative studies for the PtBr2/nBu4PBr/ PPh3 (1 eq) catalysis in the absence and presence 
of TfOH.   
 
Finally, we have also tested the related Pd-based catalytic system, which, however, shows very 
small activity in this reaction, see Scheme 12. 
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H2C CH2+PhNH2
[PdBr2] (0.3%)
150 oC, 10 h
NHEt
N Me
+ +
25 bar
1.7 cycle 1.5 cyclesca 0.1 cycle
H
N
[PPh3] (0.3%)
[TBPBr] (3.0%)
45 mmol 100 mmol
 
Scheme 12. PdBr2/nBu4PBr/ PPh3 (1 eq) catalytic system. 
 
Conclusions and perspectives.  
 
Even though additional experiments will be required in order to optimize the conditions and to 
investigate the scope and limits of the tandem intermolecular hydroamination/cyclization of aromatic NH2 
groups to produce quinolines catalyzed by the [PtBr2/nBu4PBr/PPh3 (1 eq)] system, we have demonstrated 
that the catalytic formation of quinaldine in large amounts from aniline and ethylene is possible. Besides 
carrying out additional studies aimed at elucidating the detailed mechanism of this transformation, which 
will include a study of the effects of the halogen atom and the phosphine nature, the potential of this 
“one-pot” transformation in terms of scope and limitation also merits additional studies. These will 
include the use of more strained non-activated and activated olefins, as well as different aromatic 
compounds containing one or more NH2-group. A simple wish list based on ethylene and di- or tri-
aminobenzenes is shown in Scheme 13. Some of the heterocyclic products shown are commercially 
available and have a considerably high added value, and other such as 2,6,10-trimethylpyrido[2,3-f]-1,7-
phenanthroline are not yet known.  
 
NH2
NH2
NH2 NH2
NH2H2NNH2
NH2
NH2
N Me
N
N
Me
Me
N MeN
Me
N MeNMe
N Me
N
Me
N
NMe
Me
N
N
Me
Me  
Scheme 13. Expected final products of the reaction between di- and triaminobenzenes with ethylene 
catalysed by PtBr2/nBu4PBr/ PPh3 (1 eq).  
  
 
 
 
Chapitre 6 
 - 102 -   
 
References 
 
1 Mierde, H. V.; Van Der Voort, P.; De Vos, D.; Verpoort, F., Eur. J. Org. Chem. 2008, 1625-1631. 
2 Brown, E. A. B.; Trams, E. G.; Pratt, E.; Franklin, J. E., Comparative Biochemistry and 
Physiology 1972, 42, 223-&. 
3 Massee, K. C.; Rust, M. B.; Hardy, R. W.; Stickney, R. R., Aquaculture 1995, 134, 351-359. 
4 Gildchrist, T. L., Heterocyclic Chemistry. ed.; Pitman Publishing LTD: London, 1985. 
5 Watanabe, Y.; Tsuji, Y.; Ohsugi, Y., Tetrahedron Lett. 1981, 22, 2667-2670. 
6 Cho, C. S.; Kim, J. S.; Oh, B. H.; Kim, T. J.; Shim, S. C.; Yoon, N. S., Tetrahedron 2000, 56, 
7747-7750. 
7 Cho, C. S.; Oh, B. H.; Kim, J. S.; Kim, T. J.; Shim, S. C., Chem. Commun. 2000, 1885-1886. 
8 Arisawa, M.; Terada, Y.; Theeraladanon, C.; Takahashi, K.; Nakagawa, M.; Nishida, A., J. 
Organomet. Chem. 2005, 690, 5398-5406. 
9 Theeraladanon, C.; Arisawa, M.; Nishida, A.; Nakagawa, M., Tetrahedron 2004, 60, 3017-3035. 
10 Arisawa, M.; Theeraladanon, C.; Nishida, A.; Nakagawa, M., Tetrahedron Lett. 2001, 42, 8029-
8033. 
11 Brunet, J. J.; Cadena, M.; Chu, N. C.; Diallo, O.; Jacob, K.; Mothes, E., Organometallics 2004, 
23, 1264-1268. 
12 Brunet, J. J.; Chu, N. C.; Diallo, O., Organometallics 2005, 24, 3104-3110. 
13 Wang, X.; Widenhoefer, R. A., Organometallics 2004, 23, 1649-1651. 
14 Anguille, S.; Brunet, J.-J.; Chu, N. C.; Diallo, O.; Pages, C.; Vincendeau, S., Organometallics 
2006, 25, 2943-2948. 
15 Murahashi, S. I.; Hirano, T.; Yano, T., J. Am. Chem. Soc. 1978, 100, 348-350. 
16 Murahashi, S. I.; Yano, T., Chem. Commun. 1979, 270-271. 
17 Murahashi, S. I.; Yoshimura, N.; Tsumiyama, T.; Kojima, T., J. Am. Chem. Soc. 1983, 105, 5002-
5011. 
18 Khai, B. T.; Concilio, C.; Porzi, G., J. Organomet. Chem. 1981, 208, 249-251. 
19 Diamond, S. E.; Mares, F.; Szalkiewicz, A., Fundam. Res. Homog. Catal. 1979, 3, 345-358. 
20 Diamond, S. E.; Szalkiewicz, A.; Mares, F., J. Am. Chem. Soc. 1979, 101, 490-491. 
 
 
     
 
 
 
 
Chapitre 7 
Modélisation de l’hydroamination intermoléculaires de l'éthylène catalysée par le 
platine: l'addition nucléophile de HNEt2 à l'éthylène coordinné. 
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Résumé de Chapitre 7. 
 
Le complexe trans-PtBr2(C2H4)(NHEt2) (1) a été synthètisé par addition de Et2NH sur 
K[PtBr3(C2H4)] et sa structure établie par diffraction des rayons X. L’isomère cis-
PtBr2(C2H4)(NHEt2) (3) a été obtenu à partir de 1 par dissociation photolytique de l'éthylène et 
génération du complexe dinucléaires trans-[PtBr2(NHEt2)]2 (2), suivie par rajout thermique de 
C2H4, mais seulement avec de faibles rendements. L'addition de Et2NH à 1, soit dans le 
dichlorométhane soit dans l'acétone conduit au complexe zwitterionique trans-Pt(-)Br2(NHEt2)-
(CH2CH2N(+)HEt2) (4) dans le temps de mélange par un processus équilibré, qui se déplace vers 
le produit à températures plus faibles (∆H° = -6.8 ± 0.5 kcal/mol, ∆S° = -14.0±2.0 e.u., étude IR 
à température variable). L’étude par RMN 1H montre que la Et2NH libre échange rapidement 
avec la Et2NH liée par liaison hydrogène dans un adduit 4•NHEt2, lentement avec le Et2NH 
coordonnée sur 1, et pas du tout (sur l'échelle de temps de la RMN) avec Pt-NHEt2 ou –
CH2CH2N(+)HEt2 dans 4. Aucune preuve n'a été obtenue en faveur d’une déprotonation de 4 pour 
produire un dérivé aminoéthyle trans-[PtBr2(NHEt2)(CH2CH2NEt2)]- (5), sauf en tant 
qu'intermédiaire pour le processus d’échange des protons diasteretopiques des groupements 
méthylènes du ligand CH2CH2N(+)HEt2 du composé 4 dans l'acétone, solvant à polarité plus 
élevée. Les calculs DFT attribuent ce phénomène à une dissociation plus facile de la paire d'ions 
5·Et2NH2+, obtenue à partir de 4·Et2NH, en facilitant l'inversion à l'atome d'azote. Le complexe 4 
est le seul produit observable initialement, mais une décomposition lente a lieu dans les deux 
solvants, bien que de façon différente, sans génération visible de NEt3. L’addition d’un excès de 
TfOH aux solutions équilibrées de 4, 1 et Et2NH conduit à une protonolyse partielle fournissant 
NEt3, mais régénère également 1 par le déplacement de l'équilibre via protonation de la Et2NH 
libre. Les calculs DFT montrent également une coordination plus favorable (liaison Pt-N plus 
forte) de Et2NH rapport à PhNH2 au centre PtII, mais les barrières d’activation des additions 
nucléophiles de Et2NH au ligand C2H4 dans 1 et de PhNH2 à trans-PtBr2(C2H4)(PhNH2) (1a) 
sont essentiellement identiques pour les deux systèmes.    
 
Abstract of Chapter 7. 
 
Compound trans-PtBr2(C2H4)(NHEt2) (1) has been synthesized by Et2NH addition to 
K[PtBr3(C2H4)] and structurally characterized. Its isomer cis-PtBr2(C2H4)(NHEt2) (3) has been 
obtained from 1 by photolytic dissociation of ethylene, generating the dinuclear trans-
[PtBr2(NHEt2)]2 intermediate (2), followed by thermal re-addition of C2H4, but only in low 
yields. The addition of further Et2NH to 1 in either dichloromethane or acetone yields the 
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zwitterionic complex trans-Pt(-)Br2(NHEt2)(CH2CH2N(+)HEt2) (4) within the time of mixing in 
an equilibrated process, which shifts toward the product at lower temperatures (∆H° = -6.8 ± 0.5 
kcal/mol, ∆S° = -14.0±2.0 e.u., from a variable temperature IR study). 1H NMR shows that free 
Et2NH exchanges rapidly with H-bonded amine in a 4·NHEt2 adduct, slowly with the 
coordinated Et2NH in 1, and not at all (on the NMR time scale) with Pt-NHEt2 or –
CH2CH2N(+)HEt2 in 4. No evidence was obtained for deprotonation of 4 to yield an aminoethyl 
derivative trans-[PtBr2(NHEt2)(CH2CH2NEt2)]- (5), except as an intermediate in the averaging of 
the diasteretopic methylene protons of the CH2CH2N(+)HEt2 ligand of 4 in the higher polarity 
acetone solvent. Computational work by DFT attributes this phenomenon to more facile ion pair 
dissociation of 5·Et2NH2+, obtained from 4·Et2NH, facilitating inversion at the N atom. Complex 
4 is the sole observable product initially but slow decomposition occurs in both solvents, though 
in different ways, without observable generation of NEt3. Addition of TfOH to equilibrated 
solutions of 4, 1 and excess Et2NH leads to partial protonolysis to yield NEt3 but also regenerates 
1 through a shift of the equilibrium via protonation of free Et2NH. The DFT calculations reveal 
also a more favourable coordination (stronger Pt-N bond) of Et2NH relative to PhNH2 to the PtII 
center, but the barriers of the nucleophilic additions of Et2NH to the C2H4 ligand in 1 and of 
PhNH2 to trans-PtBr2(C2H4)(PhNH2) (1a) are predicted to be essentially identical for the two 
systems.  
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Introduction 
 
As mentioned in the previous Chapters, a number of contributions have appeared in recent years on 
the intermolecular hydroamination of non-activated olefins catalysed by Pt-based systems.1-8 The first 
step in these transformations is believed to be the nucleophilic addition of the amine to the coordinated 
olefin in a PtII derivative to afford a zwitterionic complex L3Pt(-)-CH2-CH2-N(+)HR2.5, 9 A recent 
computational study of the addition of aniline to ethylene catalyzed by PtBr2/Br- was found to involve the 
resting state complex [PtBr3(C2H4)]- and a variety of off-loop species also containing a PtII-coordinated 
ethylene ligand (Chapter 4). The amine addition reaction has been very well studied experimentally for 
basic amines and PtCl2 derivatives such as trans-PtCl2(olefin)(am) or cis-PtCl2(C2H4)(Y) (Y = PR3, py, 
NH3, am, DMSO; am = amine) 10-14 (Scheme 1) and monochloride complexes such as 
[PtCl(alkene)(tmeda)]+ or PtCl(PyPyr)(C2H4)15,16 but no evidence of addition was found when the amine 
is not sufficient basic (pKa < 5 for the conjugate ammonium ion). It has also been shown that basic 
amines add reversibly and exothermically to coordinated ethylene,14 but the system may slowly lead to 
irreversible transformations at room temperature, occasionally accompanied by the formation of Pt0.17 For 
instance, the zwitterionic complexes resulting from the nucleophilic addition to the above mentioned cis-
PtCl2(C2H4)(Y) may lead to the formation of platinaazacycles12 or other ligand substitution processes, see 
Scheme 1,12, 15 whereas only decomposition was observed for the trans-PtCl2(C2H4)(am) isomer.18 The 
cis/trans isomerisation is usually a slow process for these complexes.10, 19   
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Scheme 1 
 
It is notable that no Pt-catalyzed hydroamination is reported for amines that lead to experimentally 
observable nucleophilic addition to Pt-coordinated ethylene, whereas no nucleophilic addition products 
are experimentally observable for amines that give catalytic hydroamination. Moreover, the turnover 
number for the PtBr2/Br--catalyzed hydroamination of C2H4 by ArNH2 is inversely proportional to the 
amine basicity (for instance, 22 for Ar = 4-MeOC6H4 with a pKa for the conjugated acid of 5.34 and 110 
for Ar = 2-ClC6H4 with a pKa of 2.65).1  
The experimental and theoretical studies on the PtBr2/Br- hydroamination of ethylene by aniline are 
reported in the previous chapters. One more time the catalytic system consisting of PtX2/X- shows the 
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best activity for X = Br. The reaction between complexes trans or cis-PtBr2(C2H4)(PhNH2) and PhNH2 
(pKa = 4.63) does not give observable nucleophilic addition products at temperatures up to 68°C. The 
present Chapter reports the investigation of model stoichiometric processes involving the more basic 
amine Et2NH (pKa of conjugated acid = 11.02) and the PtBr2/Br- catalytic system. We will compare the 
reactivity of complexes trans-PtBr2(C2H4)(HNEt2) (1) and trans-PtBr2(C2H4)(PhNH2) (1a) towards an 
excess of the corresponding amine, in an effort to understand the role of the amine basicity and the 
presence of added acids to the hydroamination catalytic activity. 
 
Experimental part 
 
General. All solvents were of HPLC grade and were used as received. HNEt2 (Fluka) was distilled 
and kept under argon in the dark. K[PtCl3(C2H4)]·H2O (Aldrich) was used as received. Ethylene (purity ≥ 
99.5%) was purchased from Air Liquide.  
Instrumentation. NMR investigations were carried out on Bruker DPX300 (and AV400) 
spectrometers operating at 300.1 (400.1) MHz (1H), 75.47 (100.6) MHz (13C) and 64.5 MHz (195Pt). Low-
temperature NMR investigations were carried out on a Bruker AV500 spectrometer, operating at 500.3 
(1H) and 125.8 MHz (13C) and 107.2 MHz (195Pt), respectively. The spectra were calibrated with the 
residual solvent resonance relative to TMS (1H, 13C) and Na2PtCl6 (195Pt). The NMR studies were 
performed either in air or under argon, showing no difference. IR spectra were recorded on a Perkin-
Elmer Spectrum 100 FTIR spectrometer for neat compounds (4000-600 cm-1; 2 cm-1 resolution) and on a 
Nicolet FTIR spectrometer for solutions in CaF2 cells. A Carl Zeiss Jena cryostat was used for variable 
temperature measurements; the accuracy of the experimental temperature adjustment was ±1 K.  
Elemental analyses were performed by the Microanalytical Service of the Laboratoire de Chimie de 
Coordination. Other characterization data (NMR in other solvents, UV-visible, IR) are given in the 
Supporting Information. 
Synthesis of trans-PtBr2(C2H4)(HNEt2), 1. An aqueous solution (16 mL) of Zeise’s salt (500 mg, 
1.36 mmol) and KBr (8 g, 50 equiv) was stirred under an ethene flush overnight at room temperature. An 
Et2NH (140 µL, 1.36 mmol) solution in EtOH (4 ml) was then added dropwise, yielding a yellow 
precipitate. After stirring for 1 h at room temperature, the yellow precipitate was filtered, washed with 
water, dried in vacuo, redissolved in dichloromethane, filtered and again dried in vacuo (467 mg, 75 %). 
The compound was stored in the dark at low temperature under argon. Elem. anal. % Calcd. for 
C6H15Br2NPt: C, 15.80; H, 3.32; N, 3.07. % Found: C, 15.87; H, 3.28; N, 3.07. IR (neat, cm-1): 3198 (N-
H), 1518 (δ(C2H4) + ν(C2H4)), 1249 (ν(C2H4) + δ(C2H4)). NMR (acetone-d6): 1H (300.13 MHz, δ): 5.62 
(br with Pt satellites, 1H, NH, 2JPt-H ca. 90 Hz), 4.68 (s+d 1:10:1, 2JH-Pt = 60 Hz, 4H, C2H4), 3.35 (m, 2H, 
HNCH2), 3.13 (m, 2H, HNCH2), 1.52 (t, 3JH-H = 7 Hz, 6H, HN(CH2CH3)2). 13C{1H}  (75.5 MHz, δ): 70.7 
(s+d 1:10:1, 1JC-Pt = 153 Hz, C2H4), 50.0 (s+d 1:10:1, HNCH2, 1JC-Pt = 14 Hz), 14.0 (s+d 1:10:1, 
HN(CH2CH3)2, 1JC-Pt = 8 Hz). 195Pt (64.5 MHz, δ): -3456 (br tr, 1JPt-N = 218 Hz). For the NMR properties 
in other solvents, see SI. 
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Synthesis of trans-Pt2Br4(HNEt2)2, 2. Compound 1 (150 mg, 0.175 mmol) was dissolved in a 
mixture of CHCl3 (ca. 300 µl) and petroleum ether (1.2 ml). The solution was irradiated with UV-light. 
After 18 h the colorless solution was decanted off from formed red-orange precipitate, which was then 
washed with pentane and dried in vacuo (132 mg, 94%). Elem. anal. % calc. for C8H22Br4N2Pt2, C, 11.22; 
H, 2.59; N, 3.27. % Found: C, 12.03; H, 2.63; N, 3.26. IR (neat, cm-1): 3183 (N-H). NMR (acetone-d6): 
1H (300.13 MHz, δ): 5.04 (br, 2H, NH, 2JH-Pt = 60 Hz), 2.78 (m, 4H, HNCH2), 2.50 (m, 8H, HNCH2, 4JH-Pt 
= 62 Hz), 1.65 (t, 3JH-H = 7 Hz, 12H, HN(CH2CH3)2); 13C{1H} (75.5 MHz, δ): 68.2 (s+d 1:10:1, 1JC-Pt = 
153 Hz, C2H4), 50.0 (s+d 1:10:1, HNCH2, 1JC-Pt = 13 Hz), 13.5 (s+d 1:10:1, HN(CH2CH3)2, 1JC-Pt = 8 Hz). 
195Pt (64.5 MHz, δ): -2210 (br). 
Preparation of cis-PtBr2(C2H4)(HNEt2), 3. Compound 2 (100 mg) was suspended in CHCl3 (4 
mL) and hexane (4 ml) and the mixture was treated with an ethylene stream in the dark. After 18 h, the 1H 
NMR spectrum showed only small changes relative to the starting material. After 4 days a small amount 
of grey precipitate had formed while the colour of solution was slightly green. The precipitate was filtered 
off, washed with CHCl3 and dried (16 mg, 15 %). Elem. anal. % calc. for C6H15Br2NPt: C, 15.80; H, 3.32; 
N, 3.07. % Found: C, 16.95; H, 3.18; N, 2.83. IR (neat, cm-1): 3164 (N-H). NMR (acetone-d6): 1H (300.13 
MHz, δ): 4.50 (br, 4H, C2H4), 3.76 (1H, NH, 2JH-Pt = 60 Hz) 3.30 (m, 2H, HNCH2), 2.80 (m, 2H, HNCH2, 
4JH-Pt = 62 Hz), 1.43 (t, 3JH-H = 7 Hz, 6H, HN(CH2CH3)2). 13C{1H} (75.5 MHz, δ): 68.2 (s+d 1:10:1, 1JC-Pt 
= 185 Hz, C2H4), 50.0 (s+d 1:10:1, HNCH2, 1JC-Pt = 15 Hz), 13.5 (s+d 1:10:1, HN(CH2CH3)2, 1JC-Pt = 8 
Hz). 195Pt (64.5 MHz, δ): -3059 (br tr, J = 213 Hz). The compound slowly decomposes in solution with 
the formation of black particles. 
Computational details. All geometry optimizations were carried out on isolated molecules in the 
gas phase by the DFT approach with the Gaussian03 suite of programs20 using the B3LYP functional.21-23 
All molecules described in this work are diamagnetic with the paramagnetic excited states expected at 
much higher energy, thus the typical problem of the overestimation of spin polarization shown by hybrid 
functionals24 does not negatively affect our calculations. All atoms except Pt were described by the 
standard 6-31+G* basis set, which includes both polarization and diffuse functions that are necessary to 
allow angular and radial flexibility to the highly anionic systems. The Pt atom was described by the 
LANL2TZ(f) basis, which is an uncontracted version of LANL2DZ and includes an f polarization 
function and an ECP.25 Frequency calculations were carried out for all optimized geometries in order to 
verify their nature as local minima, for the calculation of thermodynamic parameters at 298.15 K under 
the ideal gas and harmonic approximations, and for the identification of all transition states (one 
imaginary frequency). Solvent effects were introduced by means of C-PCM26, 27 single point calculations 
on the gas-phase optimized geometries in dichloromethane (ε = 8.93) and acetone (ε = 20.49). Among 
various continuum solvent models, the C-PCM was selected because of its generally better 
performance,28-30 even though there remains an inherent error when working with charged species.28 The 
solvent cavity was created by a series of overlapping spheres by the default UA0 model and all standard 
settings as implemented in Gaussian03 were used for the C-PCM calculations. The reaction free energy 
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changes in solution were corrected for the change of standard state from the gas phase (1 atm) to solution 
(1 M).31 
X-ray crystallography. A single crystal of each compound was mounted under inert 
perfluoropolyether at the tip of a glass fibre and cooled in the cryostream of an Oxford-Diffraction 
XCALIBUR CCD diffractometer. Data were collected using the monochromatic MoKα radiation (λ= 
0.71073). The structures were solved by direct methods (SIR97)32 and refined by least-squares procedures 
on F2 using SHELXL-97.33 All H atoms attached to carbon were introduced in idealised positions and 
treated as riding on their parent atoms in the calculations except for the H attached to the ethylene group 
which were refined using restraints. The drawing of the molecules was realised with the help of 
ORTEP3.34  Crystal data and refinement parameters are collected in Table 1, while relevant bond 
distances and angles are given in Table 2. Crystallographic data (excluding structure factors) have been 
deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 
784685 & 784686. Copies of the data can be obtained free of charge on application to the Director, 
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: 
deposit@ccdc.cam.ac.uk). 
 
Results and Discussion 
 
(a) Synthesis and characterisation of the starting materials.  
The synthetic work is summarized in Scheme 2. Complex trans-PtBr2(C2H4)(HNEt2) (1) was 
synthesized in 75% yield starting from Zeise’s salt by adapting the methodology previously described for 
the preparation of related complex trans-PtBr2(C2H4)(PhNH2), 1a (Chapter 2).  
 
Zeise's salt
K[PtCl3(C2H4)]
Chojnacki's salt
K[PtBr3(C2H4)]
Et2NHKBr
Pt
Et2HN
Br
Br
Pt
NHEt2
Br
Brirrad. C2H4 Pt
Et2HN
Br Br
32
Pt
Et2HN
Br
Br
1
irrad.
 
Scheme 2 
 
The trans square planar coordination geometry of 1 was confirmed by a single crystal X-ray 
structural study, see Figure 1, which reveals a short contact between the N-H proton and one of the Br 
atoms (Br1···H-N1 = 2.71 Å). The solution 1H NMR spectrum is consistent with the solid state geometry, 
with two independent resonances as complex multiplets at δ 3.36 and 3.13 for the diastereotopic 
methylene protons. One pair of these protons also shows 195Pt satellites (J = 66 Hz, see Figure S1). The 
equivalent CH3 protons show a complex signal the shape of which approaches a first-order binomial 
triplet at δ 1.53 (500 MHz, Figure S1), while it is more complex at 300 MHz (Figure S2). The broad 
amine NH proton (δ ca. 5.6) also shows coupling with the Pt nucleus (ca. 90 Hz).  
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Table 1. Crystal data and structure refinement for compounds 1 and 2. 
Identification code   1 2 
Empirical formula  C6H15Br2NPt C8H22Br4N2Pt2 
Formula weight  456.10 856.10 
Temperature,K  180(2)  180(2)  
Crystal system  Monoclinic Monoclinic  
Space group  P 21/n  P 21/n 
a, Å 11.0458(4)  7.1779(3)   
b, Å 8.7461(3)  11.6622(4)   
c, Å 11.5095(4)  10.3715(4)   
α,° 90 90.0 
β,° 102.881(4) 100.113(2) 
γ,° 90 90.0 
V, Å3 1083.92(7)  854.71(6) 
Z 4 2 
Dcalc, Mg/m3 2.795  3.326 
µ, mm-1 20.259  25.680 
F(000) 824 760 
Crystal size, mm3 0.25 x 0.23 x 0.18  0.38x0.32x0.26  
θ °, range 2.90 to 28.28 3.37 to 30.0 
Reflections collected 9325 11378 
Unique reflections [Rint] 2683 [0.0380] 2489 [0.0683] 
Obsd reflections [I > 2σ(I)] 100.0  2215 
Completness 0.25 x 0.23 x 0.18  99.5 
Absorption correction Multi-scan Multi-scan 
Tmin/Tmax 0.231/ 1/0 0.28744 / 1.0 
parameters 108 76 
GOF on F2 0.979 1.005 
R1, wR2 [I>2σ(I)] 0.0257, 0.0557 0.0292, 0.0728 
R1,  wR2 (all data) 0.0346, 0.0574 0.0348, 0.0761 
∆ρmin, ∆ρmax (e Å−3) -1.970, 2.066  -3.060, 1.883  
 
 
 
 
 
 
Table 2. Relevant bond lengths [Å] and angles [°] for compounds 1 and 2. 
Compound 1    
Distances    
Pt(1)-N(1)  2.089(4) Pt(1)-C(1) 2.146(6) 
Pt(1)-Br(1)  2.4191(5) Pt(1)-C(2) 2.158(5) 
Pt(1)-Br(2)  2.4201(6) C(1)-C(2) 1.356(9) 
Angles    
N(1)-Pt(1)-C(1) 156.9(2) C(2)-Pt(1)-Br(1) 91.26(17) 
N(1)-Pt(1)-C(2) 166.3(2) N(1)-Pt(1)-Br(2) 90.66(11) 
C(1)-Pt(1)-C(2) 36.7(2) C(1)-Pt(1)-Br(2) 90.69(17) 
N(1)-Pt(1)-Br(1) 87.60(11) C(2)-Pt(1)-Br(2) 89.88(17) 
C(1)-Pt(1)-Br(1) 91.83(17) Br(1)-Pt(1)-Br(2) 177.088(19) 
Compound 2    
Distances    
Pt(1)-N(1) 2.055(4) Pt(1)-Br(1) 2.4316(5) 
Pt(1)-Br(2) 2.4082(6) Pt(1)-Br(1)#1 2.4479(5) 
Angles    
N(1)-Pt(1)-Br(2) 92.76(12) Br(2)-Pt(1)-Br(1)#1 91.004(18) 
N(1)-Pt(1)-Br(1) 90.02(12) Br(1)-Pt(1)-Br(1)#1 86.233(17) 
Br(2)-Pt(1)-Br(1) 177.016(17) Pt(1)-Br(1)-Pt(1)#1 93.767(17) 
N(1)-Pt(1)-Br(1)#1 176.19(12)   
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Figure 1.  An ORTEP view of the molecular structure of trans-PtBr2(C2H4)(NHEt2), 1. The thermal 
ellipsoids are drawn at the 50% probability level. 
 
The 195Pt{1H} NMR resonance of 1 is peculiar, see Figure 2. It shows as a triplet with an 
approximate relative intensity of 1:1.7:1 at 64.2 MHz and 1:1.25:1 at 107.2 MHz (J = 218 Hz). The 
observed coupling, which is attributed to the quadrupolar 14N atom (I = 1), is not usually observed in the 
195Pt NMR spectrum of platinum amine compounds,35 but the resonance shape and relative signal 
intensities are well understood.36 Other rare examples of this phenomenon have been reported for the 
ammonia complexes [Pt(NH3)4]2+, [cis-Pt(NH3)2(H2O)2]2+ and K[Pt(NH3)Cl3].37,38  
 
δ-3465-3460-3455-3450-3445
(a)
(b)
 
Figure 2.  195Pt{1H} NMR of 1 in acetone-d6 at 107.2 MHz (a) and 64.2 MHz (b).  
 
While the synthesis of 1 is relatively straightforward, that of its cis isomer 3 is more problematic. 
The same methodology adopted for the preparation of cis-PtBr2(C2H4)(PhNH2) 7 (ethylene addition to the 
aminetribromoplatinate precursor) cannot be applied here because the product cannot be kinetically 
stabilized by precipitation and thus led again to the thermodynamically preferred 1 as a sole product 
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under these conditions. An alternative synthetic pathway, described for a related Cl-NHMe2 complex,12, 39 
involves the irradiation of trans-PtCl2(C2H4)(HNMe2) to afford trans-Pt2Cl4(HNMe2)2, from which cis-
PtCl2(C2H4)(HNMe2) is obtained by addition of ethylene. This procedure indeed led to the formation of 
the desired complex 3, although less efficiently because the ethylene addition to the intermediate 
dinuclear complex 2 is extremely slow (more than 4 days vs. 2-4 h for the Cl analogue). The intermediate 
2 was also obtained more slowly than the Cl-NHMe2 analogue under the same conditions (18 vs. 12 h). 
The molecular structure of complex 2 was also obtained, see Figure 3. 
  
 
Figure 3.  An ORTEP view of the molecular structure of trans-[PtBr2(NHEt2)]2, 2. The thermal 
ellipsoids are drawn at the 50% probability level. Symmetry code: (i) –x, -y, 1-z. 
 
Like complex 1, complex 3 also shows 195Pt-14N coupling (1J = 213 Hz) in the 195Pt{1H} spectrum. 
It does not show, on the other hand, 195Pt satellites for the broad C2H4 ligand resonance in the 1H NMR 
spectrum. Since the yield of 3 is very small, we shall only concentrate on the reaction between HNEt2 and 
the trans isomer 1 for the model study of the nucleophilic attack to coordinated ethylene, relevant to the 
Pt-catalyzed ethylene hydroamination mechanism. 
 
(b) Reaction between trans-PtBr2(C2H4)(HNEt2) and HNEt2 in dichloromethane. 
The addition of NHEt2 to 1 in CD2Cl2 at 298 K was followed by 1H, 13C{1H} and 195Pt{1H} NMR, 
giving evidence for the equilibrated formation of the zwitterionic complex trans-
Pt(-)Br2(NHEt2)(CH2CH2N(+)HEt2) (4), according to Scheme 3. At long reaction times (2-3 days), the 
deposition of black particles (presumably Pt0) occurred, but the solution was relatively stable over the 
first few hours for a full NMR investigation to be carried out. Only the spectra run in CD2Cl2 under argon 
are shown in the figures and discussed in detail; similar results were also obtained in CDCl3 or in air.  
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Scheme 3 
 
The transformation of 1 to 4 is indicated by the decrease of the 1H NMR C2H4 resonance at δ 4.77 
in favour of the two methylene triplet resonances of the ethylene chain in the CH2CH2N(+)HEt2 ligand at 
ca. δ 2.86 (J = 32 Hz) and 2.09 (J = 94 Hz), see Figure S3. Integration of the residual C2H4 resonance of 1 
demonstrates its persistence even in the presence of amine excess (up to at least 3 equiv). Simultaneously, 
the added amine in the same ligand shows two methylene multiplet resonances at δ 3.37 and 3.21 for the 
diastereotopic protons. The coordinated amine equally shows a new pair of multiplet resonances for the 
diastereotopic methylene protons at δ ca. 3.08 and ca. 2.79 and the methyl triplet at δ 1.40 (overlapping 
with the resonance of the ammonium group), while the NH proton is shifted to δ ca. 7.9 with observable 
Pt satellites (JPt-H = ca. 90 Hz). The NH protons of the CH2CH2N(+)HEt2 ligand and of the excess free 
NHEt2, on the other hand, are not visible, probably because they are broadened beyond detection. On the 
other hand, all these NH protons must be exchanging rather slowly (the N atom inversion is very slow), as 
suggested by the observation of separate resonances for the diastereotopic methylene protons. As will be 
shown in the next section, the behaviour in acetone-d6 is different. The full assignment of the resonances 
of 4 is shown in Figure 4. 
The aliphatic proton resonances of the free NHEt2 are broad when small amounts are present; they 
sharpen and shift to approach the pure NHEt2 values in the presence of larger amounts. The resonances of 
the coordinated NHEt2 and CH2CH2N(+)HEt2 ligands in 4 do not show any unusual broadening as a 
function of the NHEt2/Pt excess, indicating that these ligands are not involved in any rapid dynamic 
process on the NMR time scale. The coordinated NHEt2 resonances in residual 1, on the other hand, 
slightly broaden but do not significantly shift in the presence of free NHEt2 (see Figure S3), suggesting a 
slow NHEt2 self-exchange process (close to the slow exchange limit in NMR) for compound 1. This is 
much slower than for the related complex trans-PtBr2(C2H4)(PhNH2), for which a single resonance for 
coordinated and free PhNH2 was observed (fast exchange limit in NMR).7 Therefore, the shift and 
broadening of the free Et2NH resonances cannot be caused by any chemical exchange within compounds 
1 and 4. We propose that it results from a rapid exchange between the excess free and H-bonded amine in 
a 4·HNEt2 adduct, see Scheme 3. 
The conversion of 1 to 4 is accompanied by the generation of a major resonance at δ -3565 in the 
195Pt{1H} NMR spectrum (Figure S4) and resonances at δ -13.6 (1JC-Pt = 667 Hz) and 60.7 (2JC-Pt = 36 Hz) 
for the α and β C atoms of the CH2CH2N(+)HEt2 ligand in the 13C{1H} NMR spectrum (Figure S5). The 
NHEt2 13C resonances of residual 1 are broadened by free NHEt2, whereas those of the same ligand in 4 
remain sharp, confirming the 1H NMR evidence for the amine exchange dynamics. Time evolution of 
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these spectra shows the formation of decomposition products more clearly than the 1H spectrum, given 
the reduced number of resonances and their greater spread. 
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Figure 4.  Selected region of the 1H NMR spectra for compound 4 in the presence of 2 equiv NHEt2 at 
298 K, with resonance assignments. The resonances at δ ca. 2.6 (quartet) and 1.1 (triplet) are 
due to excess NHEt2.  The asterisk for the spectra in acetone-d6 indicates the solvent resonance. 
 
The amine addition reaction was also monitored by IR spectroscopy. Compound 1 exhibits a νNH 
band at 3227 cm-1 (ε = 100 M-1cm-1) for the coordinated Et2NH ligand in CH2Cl2. Upon addition of an 
increasing amount of Et2NH this band decreases in favor of a new band at 3248 cm-1 (ε = 37 M-1cm-1), 
which is attributed to the NHEt2 ligand of compound 4 (see Figure S6). The shift of this band to higher 
frequency on going from 1 to 4 is in agreement with predictions based on DFT calculations (vide infra). A 
variable temperature study on the solution containing 1 equiv of NHEt2 (Figure S7) shows an equilibrium 
shift toward 4 upon cooling, evidencing exothermicity for the amine addition process. Quantitative 
analysis of the acquired data indicated a 1:1 reaction stoichiometry (Figure S8) with thermodynamic 
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parameters ∆H° = -6.8 ± 0.5 kcal/mol and ∆S° = -14.0 ± 2.0 e.u. (Figure S9). These values correspond to 
K298 K = 80 M-1 and ∆G298 K = -2.6 kcal/mol. A related parameter for the addition of HNEt2 to trans-
PtCl2(C2H4)(HNEt2), investigated by NMR spectroscopy in chloroform, gave values of K298 K = 12 M-1 
(∆G298 K = -1.5 kcal/mol).18 
Analysis of the spectra below 3000 cm-1 (Figure S10) did not reveal bands that could be clearly 
attributable to the ammonium NH vibration, but showed the disappearance of the bands of 1 (at 1326, 
1218 cm-1) and Et2NH (1327, 1184, 1140, 1125 cm-1) and the appearance of several new bands attributed 
to 4 (at 1395, 1354, 1342, 1206, 1089, 1026 cm-1) and assigned to numerous deformational N-H 
vibrations of the Et2NH and -CH2CH2N(+)HEt2 ligands, mixed with CH deformations. Notably, these 
bands increase in a similar manner both upon the Et2NH excess increase and upon temperature decrease. 
There was no indication of new species generated by a higher amine excess, in agreement with the NMR 
results described above.  
The absence of observable bands due to the ammonium NH vibration may result from strong intra- 
and intermolecular associations in 4 and 4·NHEt2, respectively. As generally appreciated, H-bonding has 
the effect of broadening the N-H vibration and shifting it toward lower frequency. In order to further 
confirm this hypothesis, an IR investigation in CH2Cl2 was also carried out for the protonation of Et3N by 
CF3COOH, yielding Et3NH+ as a model of the putative – CH2CH2N(+)HEt2 unit in 4 (Figure S11). It did 
not reveal a νNH band attributable to Et3NH+, although the formation of ionic species is evident from the 
presence of the CF3COO- anion νasOCO band at 1673 cm-1.40 Hence, this experiment justifies the lack of 
observation of a spectroscopic signature for the ammonium ion of 4 in the IR spectrum.  
 
(c) Reaction between trans-PtBr2(C2H4)(HNEt2) and HNEt2 in acetone. 
The same experiment described above was also carried out in acetone. The reason for this choice is 
that acetone is more polar than dichloromethane (ε = 20.49 vs. 8.93 for CH2Cl2) and may therefore favour 
the formation of charge-separated species, for instance deprotonation of the zwitterion 4 by excess NHEt2 
to yield a negatively charged aminoethyl PtII complex and Et2NH2+. The results of the NMR and IR 
investigations were very similar to those described above in dichloromethane within the first few hours 
from mixing, again in agreement with the transformations outlined in Scheme 3. Identical results were 
also observed working under an argon atmosphere or in air. The relevant results of the 1H, 125Pt{1H} and 
13C{1H} monitoring are shown in Figures S12-14. An interesting difference concerns the dynamic 
behaviour. As clearly shown in Figure 4, the diastereotropic methylene protons of the ammonium ethyl 
groups are collapsed into a single quartet resonance in this solvent. This phenomenon is attributed to a 
faster deprotonation/amine inversion/reprotonation via the 4·NHEt2 intermediate, which is favoured by 
the higher dielectric constant of the acetone medium.  This point will be addressed again in the 
computational part below. The 1H NMR spectra show the same shifting of the excess free NHEt2 
resonances, confirming rapid 4/4·NHEt2 exchange, and the broadening of the coordinated NHEt2 
resonance in residual 1, indicating slow self-exchange, as also observed in CD2Cl2 (vide supra).  
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The immediate, selective and equilibrated formation of compound 4 in acetone-d6 was again 
confirmed by the 195Pt{1H} and 13C{1H} NMR monitoring. The former shows a singlet resonance at δ -
3550 while the latter reveals the characteristic Pt-C(α)-C(β) resonances with Pt satellites at δ -14.7 (1JC-Pt 
= 667 Hz) and δ 59.5 (2JC-Pt = 36 Hz), respectively (Figures S13 and S14). These chemical shifts 
correspond closely to those observed in CD2Cl2 (vide supra). The decomposition occurred at a faster rate 
in acetone and led to different products relative to dichloromethane. The investigation of the nature of 
these decomposition products was not further pursued. The deposition of black solid occurred in both 
solvents after a few days and no formation of NEt3 was observed during the decomposition. 
Addition of the strong acid CF3SO3H to a partially decomposed solution did not eliminate the 
resonances of the decomposition products (as monitored by 13C{1H} NMR), indicating that these are not 
produced by equilibrium processes involving the deprotonation of the zwitterion ammonium function by 
the excess Et2NH. In a separate experiment, excess acid was added immediately to a solution of 4 
generated in situ from 1 and 5 equiv of Et2NH. The resonances of 4 disappeared, accompanied by the 
reappearance of the resonances of compound 1. This can be easily explained by the equilibrated nature of 
the nucleophilic amine addition to 1 to yield 4 (Scheme 3). In a separate experiment, two equivalent 
solutions of 1 in acetone-d6 were treated, one with 6 equiv of Et2NH, the other one with 8 equiv of Et2NH 
and then immediately with 2 equiv of TfOH (aiming at the in situ generation of 6 equiv of Et2NH and 2 
equiv of Et2NH2+). The underlying idea was to verify whether the presence of the conjugate acid would 
retard the decomposition of 4, thus helping to rationalize the greater catalytic activity of PtBr2/Br- in the 
ethylene hydroamination by aniline when a small amount of a strong acid was added. The results (shown 
in the supplemental figures S15 and S16) reveal that the evolution of compound 4 is essentially the same 
in both cases. However, an important difference is observed immediately: a new set of triplet and quartet 
for an ethyl derivative is seen in the spectrum following the addition of TfOH. A spiking test confirmed 
the identity of this compound as Et3N (0.38 equiv relative to Pt, according to integration), as well as its 
absence in the experiment run without acid. Thus, it seems that the Pt-C bond protonolysis and the 
protonation of the excess amine by TfOH are competitive, even though the amine is present in much 
larger amount (8 equiv per Pt complex). After this initial burst of protonolysis, no additional Et3N is 
generated (its relative amount remains constant) while the residual 4 further decomposes, as it does in the 
absence of conjugate acid. This shows also that Et2NH2+, once formed, is not sufficiently acidic to induce 
the release of Et3N from 4 or from any of the complexes generated by the decomposition of 4.  
As mentioned above, earlier reports have already shown the stoichiometric liberation of the 
hydroamination products from zwitterionic compounds,41-43 although these studies were carried out, to the 
best of our knowledge, on isolated compounds and under conditions where the equilibration with the 
starting olefin complex is not established (addition of a mineral solution of the strong acid to the isolated 
solid under heterogeneous conditions). Our observations on the protonation of the equilibrated solution 
show that, although the free amine is protonated, shifting the equilibrium back toward the olefin complex, 
protonation of the alkyl ligand leading to the hydroamination product also occurs, indicating that this 
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process is faster than the equilibration between 1 and 4 (and even competitive with the protonation of the 
excess free NHEt2).  
The IR monitoring of the amine addition in acetone yields a spectral picture in the νNH region 
qualitatively identical to that in dichloromethane (Figure S17), except that the νNH(1) band shows 
widening (∆ν1/2 = 25 cm-1 in acetone vs. only 10 cm-1 in dichloromethane) and low frequency asymmetry. 
This is probably due to the specific solvation effects (NH···O=CMe2 interaction). A quantitative analysis 
gives K298 K = 135 M-1 (∆G298 K = -2.9 kcal/mol) for the nucleophilic addition equilibrium constant, 
slightly higher than the value in dichloromethane. Careful examination of all spectral changes (including 
down to 1000 cm-1) does not show any evidence for the presence of other species; however, the bands are 
wide and a large portion of the spectra is masked by the solvent absorptions.  
 
(d) Computational investigation.  
In a previous contribution7 we have shown that the reaction of trans-PtBr2(C2H4)(PhNH2) (1a) with 
PhNH2 does not yield an observable zwitterionic product up to ca. 68°C, the only observable process 
being a self-exchange of free and coordinated aniline molecules. In combination with a computational 
investigation (see previous Chapters), the lack of observation of the nucleophilic addition product was 
attributed to its high relative energy. On the other hand, we have shown in this contribution that the 
reaction between 1 and HNEt2 gives observable equilibrium amounts of the zwitterionic product 4 and its 
H-bonded derivative 4·NHEt2 (Scheme 3). Hence, the reaction free energy associated to the nucleophilic 
amine addition must be smaller in this case. We have carried out a full QM DFT study on the conversion 
of 1 to 4 using the same computational level and approximations previously reported for the 
corresponding aniline system, without molecular simplification and with inclusion of the solvent effects 
through the C-PCM model, the only difference being the nature of the solvent (dichloromethane, ε = 8.93, 
or acetone, ε = 20.49). It was shown for the aniline system that the most favourable nucleophilic addition 
pathway involves the amine attack to the olefin anti face relative to the metal, thus we restricted our 
calculations to this pathway also for the NHEt2 addition. Figure 5 summarizes the comparative results for 
the two systems. 
The numbering scheme used for the PhNH2 system is the same as for the NHEt2 system with an 
added “a” suffix. All reported energies corresponds to ∆GCPCM = ∆Ggas + ∆∆Gsolv (∆Ggas is the free energy 
change of the reaction in the gas phase and ∆Gsolv is the free energy of solvation for each compound), 
which was found to provide the best qualitative agreement with the experimental results, in spite of the 
inevitable uncertainty associated to the solvation entropy (Chapter 3). The ∆GCPCM values are given 
relative to the common precursor [PtBr3(C2H4)]-, taking into account the values of all species that are 
added to or subtracted from the system. This ion was indeed shown to be thermodynamically more stable 
than 1a by NMR investigations in CD2Cl2 solution and computational work indicated that it is the resting 
state of the PtBr2/Br--catalyzed ethylene hydroamination by aniline (Chapter 4). 
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Figure 5.  ∆GC-PCM in kcal mol-1 at 298.15 K and views of the optimized geometries for the reagents, 
products and highest points along the amine nucleophilic addition pathway for compounds 1 
and 1a, starting from the common precursor [PtBr3(C2H4)]-.  
 
The first notable observation from Figure 5 is that NHEt2 binds the metal atom more strongly than 
PhNH2, since the relative energy of 1 is 0.8 kcal/mol below that of [PtBr3(C2H4)]- and 4.2 kcal/mol below 
that of 1a. This result correlates at least qualitatively with the greater lability of the coordinated aniline, 
which undergoes self-exchange with free ligand in complex 1a considerably faster than the NHEt2 ligand 
in complex 1 (vide supra). The second interesting observation is that the nucleophilic addition barrier is 
essentially identical for both amines (20.1 kcal/mol for 1a to 4a and 20.3 kcal/mol for 1 to 4). The starting 
complexes have practically identical calculated C=C distances (1.398 Å for 1 and 1.396 Å for 1a), 
indicating an essentially identical degree of π-back donation. The two transition states have also very 
similar geometries (C···N distance of ca. 2.0 Å in both cases for the incipient bond) and charge 
distributions (Mulliken charges of -0.176 and -0.177 for the C atom in TS(1a-4a) and TS(1-4), 
respectively). The optimized zwitterionic structures are nearly identical, except for the presence of an 
intramolecular NH···Br bond in 4 and its absence in 4a. Both complexes are calculated as less stable than 
the precursor olefin complex, but the difference between 4 and 1 is 6.3 kcal/mol while that between 4a 
and 1a is greater, 9.5 kcal/mol. The calculated free energy difference for the conversion of 1 to 4 is too 
large to be compatible with the observation of equilibrium between these two compounds. The 
computational error, given the amount of approximations related to the solvent model, inaccurate 
estimation of the solvation entropy, neglect of the counterion, in addition to the usual error related to the 
accuracy of the DFT method, are believed to be responsible for the discrepancy. However, the energy 
difference changes in the right direction on going from the aniline to the NHEt2 system. The calculated 
reaction enthalpy, including the solvation effects, is -4.9 kcal/mol, in rather good agreement with the 
experimentally determined value from the IR study (vide supra).  
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The optimized structure of the zwitterions 4 shows, like that previously reported for 4a, an anti 
conformation for the CH2CH2 chain linking the Pt atom and the ammonium function. We have also 
optimized an isomeric structure where the ammonium function establishes an intramolecular H-bond with 
the metal center (4’, see Figure 5). Interest in this calculation stemmed from the fact that the analogue 4a’ 
for the PhNH2 system was shown to be an intermediate for the hydroamination catalysis, delivering a 
proton to the Pt center in one of the key steps of the catalytic cycle. Like for the PhNH2 system, this 
intramolecular H-bonded isomer is found less stable than the non bonded version in terms of ∆GC-PCM, 
although marginally favored in terms of ∆HC-PCM (-0.7 kcal/mol), indicating that the enthalpic advantage 
of the H-bond does not compensate the increased steric tension and the increased ordering associated with 
the eclipsed conformation of the carbon chain. An additional calculation was also carried out on the 
intermolecular H-bonded adduct 4·NHEt2. This adduct is calculated as less stable on the free energy scale 
by 8.6 kcal/mole in dichloromethane (Figure 6), but more stable by -3.7 kcal/mol in terms of ∆HC-PCM. 
Hence, the hypothesis of the formation of equilibrium amounts of 4·NHEt2 to rationalize the NMR 
behaviour of the excess free NHEt2 appears justified.  
 
6.3
(-4.9)
14.9
(-8.6)
21.6
(9.8)
21.1
(-3.7)
5.3
(-5.9)
14.2
(-9.3)
20.3
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15.4
(3.6)
4 + NHEt2 4·NHEt2 5·NH2Et2+ 5 + NH2Et2+
+
+
CPCM (CH2Cl2)
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Figure 6.  ∆GC-PCM (and ∆HC-PCM in parentheses) in kcal mol-1 at 298.15 K relative to complex 1 and 
views of the optimized geometries for the proton transfer from 4 to NHEt2 in dichloromethane 
and in acetone.   
 
We have also calculated the energy cost for transferring a proton from the ammonium function of 4 
to the H-bonded amine, leading from 4·NHEt2 to the aminoalkyl complex [(NHEt2)Br2Pt(CH2CH2NEt2)]-, 
5, H-bonded with the corresponding counterion Et2NH2+, and for the subsequent charge-separated ions. 
Since this process, proposed as responsible for the equilibration of the methylene diastereotopic protons 
of the ammonium moiety, occurs at different rates in CD2Cl2 and acetone-d6 (Figure 4), the calculations 
were carried out with the C-PCM in both solvents. The results, also reported in Figure 6, show that the 
proton transfer process is endoergic and requires approximately the same energy in both solvents.  On the 
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other hand, the separation of the charged species in the 5·NH2Et2+ product is quite solvent-dependent, 
being slightly endoergic in dichloromethane and exoergic in acetone. When considering that the entropic 
part of the free energy is partially quenched in solution, the last step (charge separation) becomes the rate 
determining step. Thus, the more polar acetone solvent indeed seems to promote the easier equilibration 
of the diastereotopic methylene protons of the ammonium function via faster deprotonation and 
reprotonation after inversion of the pyramidal N atom.  
Finally, we have also attempted to optimize a structure obtained by intramolecular proton transfer 
from the ammonium function to the Pt atom, namely a PtIV hydrido complex of formula 
[Pt(H)Br2(NHEt2)(CH2CH2NEt2)]. A related complex was shown to be implicated as a catalytic 
intermediate in the ethylene hydroamination by aniline (Chapter 4). However, contrary to the aniline 
system a stable minimum for this complex was not obtained, leading back to the geometry of the 
zwitterion 4 instead, which may be rationalized by the greater basicity of the aminoalkyl ligand for the 
Et2NH system.  
The frequency calculations have helped with the assignment of the IR spectral changes upon NHEt2 
nucleophilic addition. The results are shown in the supplemental Table S1. The calculated values of the 
νNH frequencies are ca. 200 cm-1 higher than the experimental values, but the blue shift of +29 cm-1 for the 
coordinated NHEt2 on going from 1 to 4 corresponds closely to the experimentally observed shift of +21 
cm-1. According to the computation prediction, the νNH frequency and intensity of the free ammonium 
function in 4 are similar to those of the coordinated NHEt2 ligand, but the absorption greatly red-shifts 
and increases in intensity when the group is H-bonded in an intra- or intermolecular fashion. Since no 
absorptions are experimentally observed in the predicted regions of the IR spectrum, although the 
intermolecular bonding interaction is suggested by the NMR data, we suspect that the compound is 
indeed mostly present as H-bonded adduct 4·NHEt2, the νNH absorption of which is not visible given the 
expected broadening and the overlap with other absorptions.   
 
Conclusions 
 
The present study aimed at better understanding the PtBr2/Br- catalytic system, which is rather 
efficient for the hydroamination of ethylene1, 7 and higher olefins4, 5 by low-basicity amines,6 but is limited 
by catalyst decomposition with formation of inactive metallic platinum.1, 8 Greater activity was previously 
reported under anhydrous conditions in the presence of a small amount of a strong acid as co-catalyst.1 
On the basis of literature reports, the stability of PtII(C2H4) complexes in the presence of amines seems 
dependent on deprotonation processes for the zwitterionic product of amine addition to the coordinated 
olefin to yield aminoalkyl ligands, which then may evolve in a number of ways and often lead to the 
deposition of metallic Pt.12, 15, 17 Therefore, the role of the acid may well be that of protecting the 
zwitterionic intermediate against equilibrium deprotonation and subsequent decomposition. 
With this concept in mind, we have investigated the addition of an amine of high basicity, NHEt2, 
capable of yielding observable amounts of the zwitterionic product, and used two different solvents of 
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different polarity (dichloromethane and acetone). The choice of acetone, not frequently used in this type 
of investigation, was indeed guided by the consideration that its greater dielectric constant should favour 
the transfer of a proton to the excess of external NHEt2 and thus trigger faster decomposition. Indeed, the 
DFT calculations support the notion that deprotonation of the zwitterionic derivative 4 should occur more 
easily in acetone. Indeed, the compound decomposes faster in this solvent. No direct evidence for the 
formation of an aminoalkyl complex was obtained in our study. The most relevant result, suggesting an 
easier deprotonation in acetone, is a faster dynamic process equalizing the resonances of diastereotopic 
methylene protons for the ammonium function. Catalytic hydroamination, on the other hand, apparently 
needs intramolecular proton transfer from the ammonium function of the zwitterion to the Pt atom or 
directly to the Pt-bonded C atom5 (see also Chapter 4). Hence, conditions limiting deprotonation should 
lead to greater catalyst stability and hence increase the turnover number. This proposition is now subject 
to further testing in catalytic intermolecular hydroamination.  
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Résume de Chapitre 8. 
 
Le potentiel de l’hydroamination de l'éthylène avec la diéthylamine catalysée au platine a été 
évalué par des calculs DFT. Les systèmes catalytiques composés par K2PtCl4/HBr et Pt/HBr 
favorisent une réaction de transfert de chaîne alkyle de la diéthylamine pour fournir la 
triéthylamine et l’éthylamine. 
 
Abstract of Chapter 8. 
 
The potential of the platinum-catalyzed hydroamination of ethylene with diethylamine has been 
explored by DFT calculations. The K2PtCl4/HBr and Pt/HBr catalytic systems promote an alkyl 
transfer reaction of diethylamine yielding triethylamine and ethylamine.   
 
 
Graphical abstract of Chapter 8. 
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Introduction 
 
Amongst all the hydroamination reactions, the most difficult one is the intermolecular version with 
non-activated olefins and solutions based on transition metal catalysis are actively pursued.1-4 With regard 
to industrial applications short chain aliphatic olefins and especially ethylene constitute the most 
attractive starting materials. In the last 6 years a number of papers have appeared on the hydroamination 
of ethylene and other α-olefins catalysed in particular by Pt-based systems. These include the addition of 
substituted anilines to ethylene5 and 1-hexene6 catalyzed by PtBr2/n-Bu4PBr (I) and our recent extension 
to aqueous media (PtBr2/NaBr(aq), I’) as detailed in Chapter 5, the addition of carboxamides to RHC=CH2 
(R = H, Me) catalyzed by [PtCl2(H2C=CH2)]2/PPh3 (II)7 and that of sulfonamides or anilines to more 
strained olefins catalyzed by (COD)Pt(OTf)2 (III).8 For each group of catalysts there is a pKa cutoff for 
the amine conjugated acid: the turnover number (TON) or product yield increases with decreasing amine 
basicity. Though comparisons are complicated by the different conditions used for each of these three 
systems, (I) appears the most active catalytic system, allowing ethylene hydroamination with 4-
MeOC6H4NH2 – the most basic amine for which activity has been reported.5 Attempts to probe more 
basic amines for system (I) were not performed, probably because of expectations on the basis of the 
observed pKa trend. Attempts to use more basic secondary amines were described only for system (II), 
with negative results for the hydroamination of ethylene. Catalytic system (III) was shown to be inactive 
already for the hydroamination with aniline (pKa = 4.63). 
On the other hand, the reactivity of LnPt(alkene) complexes towards the stoichiometric amine 
addition to the olefin, believed to be the first step of these catalytic transformations9 (see also Chapter 4),  
follows the opposite trend: addition products are observed only with the more basic amines, for which 
catalyzed hydroamination has not been reported. For instance, no product of aniline addition to trans-
PtBr2(C2H4)(PhNH2) was observed (see Chapter 2), whereas the addition of Et2NH to trans-
PtBr2(C2H4)(Et2NH) produces the zwitterionic complex trans-Pt(-)Br2(NHEt2)(CH2CH2N(+)HEt2) in 
observable equilibrium amounts (see Chapter 6). Our recent experimental and computational studies on 
the C2H4 hydroamination with PhNH2 catalyzed by system I suggest the involvement of intramolecular 
proton transfer leading from [Pt(2-)Br3(CH2CH2N(+)H2Ph)]- to the 5-coordinate hydride complex 
[PtHBr3(CH2CH2NHPh)]-, followed by rate-determining C-H reductive elimination. On the other hand, 
experimental studies on trans-Pt(-)Br2(NHEt2)(CH2CH2N(+)HEt2) revealed decomposition in solution, 
which was tentatively attributed to facile deprotonation of the CH2CH2N(+)HEt2 ligand by excess Et2NH 
to produce a putative complex trans-Pt(-)Br2(NHEt2)(CH2CH2NEt2) of lower stability.  
Based on these premises, we wondered whether catalytic hydroamination with Et2NH could be 
induced through protection of the zwitterionic complex under acidic conditions. Related to this point, we 
also note that catalysts I and I’ are slowly deactivated during the PhNH2 addition to C2H4, a phenomenon 
that is more evident under aqueous conditions (Chapter 5). The addition of a strong acid was shown to 
improve the catalytic performance of system I,5 but it may now be questioned whether the acid exerts its 
beneficial effect by slowing down the deactivation, rather than by enhancing the activity. We wish to 
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report here: (i) DFT calculations suggesting that C2H4 hydroamination should not be harder for Et2NH 
than for PhNH2; (ii) preliminary studies aiming at achieving the Pt-catalyzed C2H4 hydroamination by a 
basic amine (Et2NH); (iii) the discovery of Pt-catalyzed alkyl transfer whereby Et2NH is equilibrated with 
Et3N and EtNH2.  
 
Results and Discussion 
 
In initial control experiments, we tested the catalytic systems I and I’ for C2H4 under the classical 
conditions5 by replacing PhNH2 by Et2NH (Table 1, runs 1 and 2). 1H and 13C{1H} NMR analyses 
allowed Et3N detection only for system I with TON ~1 while the formation of much black precipitate 
(presumably metallic Pt) was noted. No Et3N formed under the same conditions without PtBr2. A 
computational investigation of the catalytic cycle was then carried out for the C2H4/Et2NH reaction along 
the same path recently established for the C2H4/PhNH2 reaction (see chapter 5). The overall barrier of the 
catalytic cycle (34.4 kcal mol-1), see Figure 1, is not significantly higher than that calculated for the 
corresponding PhNH2/C2H4 cycle (34.1 kcal mol-1). Et2NH coordination to PtII is more favourable than 
PhNH2 coordination, thus the resting state of the catalytic cycle is the trans-diamine complex 6, whereas 
complex 1 was the resting state for the PhNH2/C2H4 cycle. Et2NH addition to coordinated C2H4 in 
complex 2 yields 3, which is greatly stabilized relative to the corresponding aniline system, and the 
product is releases from the slightly less stabilized tribromo anion 4. Contrary to the PhNH2/C2H4 cycle, a 
local minimum could not be located for a 5-coordinate PtIV hydride complex [PtHBr3(CH2CH2NEt2)]- 
derived from 4 by intramolecular proton transfer. Every attempt to optimize such a complex led again to 4, 
which is consistent with the greater basicity of the N atom in this system relative to the aniline system. 
The rate-determining step corresponds to a direct intramolecular proton transfer from the ammonium 
group of 4 to the Pt-bonded C atom, leading to a σ-complex 5, which then expels the hydroamination 
product and regenerates the resting state. The proton transfer is however assisted by the Pt atom, as shown 
by the Pt···H contact in the transition state (Figure 1). On the basis of this study, we arrive at the 
conclusion that systems I and I’ should be competent to catalyze the Et2NH addition to C2H4.  
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Figure 1. ∆GCPCM (aniline) profile in kcal mol-1 for the C2H4 hydroamination by Et2NH on the PtBr2/Br- 
catalytic system.  
Table 1. Pt-catalyzed transformations of Et2NH (C2H4 hydroamination/alkyl transfer).[a]  
run System[b] Additive (equiv) Et3N 
TON 
EtNH2 
TON 
1 I - ~ 1 0 
2 I’ - 0 0 
3 I TfOH (10) 3 2 
4 I CF3COOH (150) 5 18 
5[c] I” - 8 38 
6[d] I” - 42 40 
[a]  Conditions for runs 1-5: [Pt] = 0.13 mmol; [Pt]:Et2NH:C2H4 = 1:350:333; T = 150°C, t = 10 h. [b] 
System I: PtBr2 + nBu4PBr (10 equiv); system I’: K2PtCl4 + NaBr (150 equiv) in H2O (15 ml); system I”: 
K2PtCl4 + 48% HBr(aq) (150 equiv). [c] Trace amounts of EtOH and undefined aromatic products were 
also visible by NMR. [d] Conditions as for run 5, in the absence of C2H4; trace amounts of EtOH were 
also visible by NMR.  
Following up on the hypothesis that the zwitterion deprotonation, with formation of a less stable 
aminoalkyl complex, causes low activity via rapid catalyst decomposition under the forcing conditions 
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used in the catalytic runs, we tested the catalytic hydroamination of C2H4 by PhNH2 in the presence of a 
stronger base. Under the same conditions described in Chapter 5, which give a TON of 85 for PhNHEt, 
addition of 10 equiv of either Et2NH or KOH result in zero activity, still accompanied by the precipitation 
of black solid, validating the notion that the system suffers from the presence of strong bases. Thus, we 
considered the opposite approach, using excess acid to protect the zwitterion intermediate for the 
C2H4/Et2NH reaction. 
Indeed, the catalytic tests gave immediately encouraging results.  Increasing amounts of strong acid 
gave increasing amounts of the expected hydroamination product, Et3N (see Table 1, runs 3 and 4). The 
nature of the acid is in principle irrelevant, because HA (A = TfO- or CF3COO-) converts the 
corresponding amount of Et2NH into Et2NH2+A-. Similar results were also obtained with the aqueous 
K2PtCl4/Br- system, which was now prepared directly with aqueous HBr in order to combine the 
beneficial roles of bromide ion and strong acid (system I”), see run 5. Control experiments run under the 
conditions of runs 3-4 but without Pt source showed no reaction. Although the activity is quite low, the 
principle of catalyst protection by disfavouring zwitterion deprotonation seems validated.  
Quite unexpectedly, however, all these catalytic tests also produced large amounts of EtNH2, the 
formal product of C2H4 elimination from Et2NH. We therefore run additional tests in the absence of 
ethylene. As shown in Table 1 (run 6), the same products (Et3N and EtNH2) were again obtained, even in 
greater amounts relative to run 5, underlining the ability of this catalytic system to promote ethyl group 
transfer between different N atoms. The 13C{1H} NMR spectrum of the final mixture is shown in Figure 2. 
No NH3 was formed in this experiment according to 14N NMR. 
δ/ppm 10203040506070
1,4-dioxane
1 1
2
2
3 3EtOH
 
Figure 2. 13C{1H} NMR spectrum of the final reaction mixture for run 6. 1: Et3N, 2: Et2NH, 3: EtNH2 
(internal standard: 1,4-dioxane, 1.3 mmol).  
Note that alkyl transfer reactions have previously been reported, as detailed in Chapter 6, and the 
previous work of Brunet, reviewed in Chapter 6, indicates that these may also be catalyzed by the 
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PtBr2/Br- system for the aniline/nBu3N system. At this moment, we are not able to explain these recent 
results and to confirm whether hydroamination (vs. alkyl transfer) indeed takes place. However, it is clear 
that when ethylene is present in the system the TON distribution of the products is not the same (runs 4-5). 
Whereas practically the same amount of EtNH2 is produced when ethylene is absent, much less of 
triethylamine is formed (runs 5-6), whereas the opposite trend would be expected if hydroamination 
would take place. Additional experiments will need to be carried out in order to understand the outlined 
transformations.  
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Chapitre 9 
Analyse spectroscopique (IR, RAMAN) et par le calcul d’une série des dérivés de 
PtBr2 : couplage vibrationnel dans léthylène coordinné et dans les modes Pt-Br. 
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Resumé du Chapitre 9. 
 
Les composés (nBu4P)[PtBr3(C2H4)] (1), trans-[PtBr2(NH2Ph)(C2H4)] (2), cis-[PtBr2-
(NH2Ph)(C2H4)] (3), (P(nBu)4)2[PtBr4] (4), (P(nBu)4)[PtBr3(NH2Ph)] (5), et cis-[PtBr2(NH2Ph)2] 
(6), ainsi que l’analogue trichlorure de 1, (nBu4P)[PtCl3(C2H4)] (1Cl), ont été étudiés 
expérimentalement par les spectroscopies IR et Raman, ainsi que par les calculs théoriques 
(DFT). L’analyse des modes normaux de l’éthylène coordonné dans les composés 1, 1Cl, 2 et 3 
avec l’analyse de la distribution d’énergie potentielle montre un couplage vibrationel important 
entre les modes de symétrie A1 ν(C=C) et δs(CH2) dans deux bandes à 1510-1520 cm-1 et 1230-
1250 cm-1, la dernière ayant une plus grande contribution du ν(C=C). Le mode ρw(CH2) de type 
A1, qui contribue de manière négligeable aux deux bandes mentionnées, est responsable de la 
bande de basse fréquence à 995-1005 cm-1. Une analyse vibrationelle complète, à partir des 
résultats des calculs théoriques, a été aussi effectuée sur les vibrations d’élongation Pt-Br du 
complexe tetrabromure 4, des complexes tribromures 1 et 5, et des complexes dibromure 2, 3 et 
6, et sur les vibrations Pt-Cl du complexe 1Cl. Ces études démontrent l’importance de 
l’utilisation de calculs théoriques de haut niveau pour l’analyse vibrationelle pour l’attribution 
correcte des bandes en spectroscopies IR et Raman.  
 
Abstract of Chapter 9. 
 
Compounds (nBu4P)[PtBr3(C2H4)] (1), trans-[PtBr2(NH2Ph)(C2H4)] (2), cis-[PtBr2-
(NH2Ph)(C2H4)] (3), (PBu4)2[PtBr4] (4), (PBu4)[PtBr3(NH2Ph)] (5), and cis-[PtBr2(NH2Ph)2] (6), 
as well as the trichlorido analogue of 1, (nBu4P)[PtCl3(C2H4)] (1Cl), have been investigated 
experimentally by both IR and Raman spectroscopy, and theoretically by geometry optimization 
and normal mode analysis by the DFT approach.  An analysis of the normal modes of 
coordinated ethylene in compounds 1, 1Cl, 2 and 3 followed by a potential energy distribution 
investigation shows extensive vibrational coupling between the ν(C=C) and δs(CH2) A1 modes in 
two bands at around 1510-1520 cm-1 and 1230-1250 cm-1, the latter one having greater ν(C=C) 
contribution. The ρw(CH2) A1 mode, the contribution of which to the above two bands is 
negligible, is responsible for a lower frequency band at 995-1005 cm-1.  A complete vibrational 
analysis, backed up by the DFT calculations, has also been carried out on the Pt-Br stretching 
vibrations of the tetrabromido complex 4, the tribromido complexes 1 and 5, and the dibromido 
complexes 2, 3 and 6, and on the Pt-Cl vibrations of the analogous complex 1Cl.  The study 
illustrates the advantages of coupling high level computations to the vibrational analyses in order 
to make unambiguous band assignments in IR and Raman spectroscopy.  
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Graphical Abstract of Chapter 9. 
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Introduction 
 
Ethylene is a D2h-symmetric planar molecule with 12 vibrational modes distributed as 3Ag(R) + 
Au(inactive) + 2B1g(R) + B1u(IR) + B2g(R) + 2B2u(IR) + 2B3u(IR) (R = Raman active, IR = infrared active), 
the reference frame being chosen with the z axis perpendicular to the molecular plane.1  These modes can 
be separated into 5 stretching modes for the C=C and the 4 C-H bonds (2Ag + B1g + B2u + B3u), 4 in-plane 
bending modes involving the HCH and CCH angles (Ag + B1g + B2u + B3u), and 3 out-of-plane bending 
modes (wagging; Au + B1u + B2g).  These modes, available in many textbooks, are also given in the 
Supporting Information for convenience.  Two Raman-active2 modes at 1623 and 1342 cm-1 are usually 
attributed3-10 to the Ag-type C=C stretching vibration (νC=C) and the in-plane CH2-scissoring deformation 
(δs(CH2)), respectively.  However, vibrational coupling is expected between fundamental molecular 
motions that are bases of the same irreducible representation and close in frequency, thus the two above-
mentioned Ag-type modes (labelled q1 and q2) include both νC=C and in-plane bending motions with 
different contribution as highlighted in Scheme 1. In the higher frequency band, the C=C bond stretches 
while the HCH angles widen (and the CCH angles narrow), whereas the opposite combination (HCH 
angle narrowing and CCH angle widening together with C=C bond stretching) is observed in the lower 
frequency band.11 On the basis of an inelastic neutron scattering analysis, the contribution of νC=C in each 
of these band was quantified in terms of the potential energy distribution (PED): 69 and 46 in the high 
and low-frequency bands, respectively.12 A high-level normal coordinate analysis (NCA) yields a PED of 
69% νC=C, 14% δ(CCH) and 17% δ(HCH) for the band at 1609 cm-1 and 33% νC=C, 30% δ(CCH) and 37% 
δ(HCH) for the band at 1332 cm-1.13    Similar values have been reported by another group.14 The Ag-type 
C-H stretching combination, which mainly contributes to a higher frequency band (3022 cm-1) 9, does not 
significantly contribute to these two bands.   
An IR-active band observed at 949 cm-1 is attributed to the B1u-type out-of-plane wagging mode 
(ρw(CH2)).  This normal mode (labelled as q3) is the only B1u-type mode in D2h symmetry and is 
consequently not involved in vibrational coupling. Coordination of ethylene to a metal center, however, 
reduces the symmetry from D2h to C2v at the most (if the metal complex has two perpendicular mirror 
planes, as for instance in Zeise’s salt).  Thus, all three basic molecular motions (from now on simply 
abbreviated as ν, δ and ρ) become of A1-type and may mix with each other in all the above-described 
normal modes, the amount of mixing correlating in principle with the local symmetry perturbation, 
namely with the extent of deviation from planarity. In addition to an anticipated red shift for the modes 
with strong ν components (q1 and q2), the symmetry reduction upon coordination opens the possibility of 
observing these modes by infrared spectroscopy (Ag(R) → A1(R, IR)). 
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1623 cm-1 1342 cm-1 949 cm-1
Ag Ag B1u
q1 [νC=C, δs(CH2)] q3 [ρw(CH2)]q2 [νC=C, δs(CH2)]
 
Scheme 1.  Three vibrational frequencies and normal mode assignments for ethylene.  
  
Two models were initially proposed for coordinated ethylene and subsequently used in normal 
coordinate analyses: the first one based on the widely accepted15 Chatt-Duncanson approach16, 17 whereby 
the ethylene H atoms move significantly away from the C2H4 plane; the second one, introduced by Bokii 
and Kukina, based on a perfectly planar arrangement for the coordinated ethylene.18 For a variety of Pt 
ethylene complexes (including Zeise’s salt), the band observed at 1500-1520 cm-1 was assigned to ν, 
leading Chatt and Duncanson to conclude about the “conservation of the double bond character” upon 
olefin coordination.16, 17  This assignment has been adopted in a few subsequent reports.19-21  Conversely, 
the same band was attributed by other authors22 to δ on the basis of comparisons with experimental and 
computational studies on (deutero) cyclopropane23 and ethylene oxide.24  
Later, two NCA on Zeise’s salt were based on the Bokii-Kukina’s model.25, 26  In the first one, the 
experimentally observed band at 1526 cm-1 (calc. value 1528 cm-1) was assigned to the Ag-type q1 
combination,25 whereas in the second one the observed band at 1518 cm-1 (calc. value 1644 cm-1) was 
interpreted as a pure ν vibration.26  In contrast with these reports, however, another NCA using the Urey-
Bradley force field assigned ν, “probably coupled with δ”, to a band observed at 1243 cm-1.27  Numerous 
other vibrational studies of coordinated ethylene (to Pt or other metals) appeared later, occasionally 
without mention of vibrational coupling, with the assignment of ν to either the 1500 cm-1 or the 1200 cm-1 
band.28   
In more recent work, the notion that ν and δ are coupled in two different normal modes q1 and q2 
has become better appreciated.  On the basis of new experimental measurements on Zeise’s salt, Powell et 
al. concluded that ν contributes to both experimentally observed bands at ca. 1515 cm-1 and ca. 1240 cm-1 
and suggested that the lower frequency one (q2) includes a greater proportion of ν relative to δ.29 This 
assumption was later confirmed by the already mentioned inelastic neutron scattering study,12 which 
reported PEDs for ν and δ in Zeise’s salt of 47 and 61 in the 1515 cm-1 band and 50 and 30 in the 1240 
cm-1 band, and also by a theoretical study.13 Note that the relative contribution of ν changes on going from 
free ethylene (major contribution in the higher-frequency band) to coordinated ethylene (major 
contribution in the lower frequency band).  
However, the issue was not yet settled because until then the contribution from ρ had been 
neglected. A new PED analysis of Zeise’s salt using a larger data set yielded decompositions into 60 (δ) + 
20 (ν) + 20 (ρ) for the absorption at 1515 cm-1 and 60 (ν) + 25 (δ) (with no significant contribution from 
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ρ) for that at 1240 cm-1.30 A later publication proposed that two sets of three bands (either at 1517, 1241 
and 1023 cm-1, or at 1517, 1410 and 1241 cm-1) can be assigned to the strongly coupled ν, δ and ρ 
modes.31  However, it was concluded that “at this stage we are not able to decide which assignment is 
more realistic”, although the second set was shown to give better agreement for complex Pt(C2H4)3.  
In more recent years additional publications have appeared in the literature where either one or two 
(but not three) bands were used to describe the C=C stretching vibration. For example, in a 1995 IR study 
of ethylene adsorption on Pt/Al2O3, only one band at 1205 cm-1 was chosen to represent ν (vibrationally 
coupled with δ).32  In another study limited to the 1515 and 1241 cm-1 bands,33 it was pointed out that the 
strength of the ethylene-metal interaction determines which motion is dominant in each normal mode and 
that there is a crossover in relative importance.  In a SERS (surface-enhanced Raman spectroscopy) study 
of ethylene on Pt electrodes, the observed bands at 1495 and 1210 cm-1 were confidently contributed to 
vibrationally coupled ν (+δ) and δ (+ν).34 However, the authors state that “usual assignment of the higher 
and lower frequency bands to ν and δ, respectively, is largely formal and is sometimes reversed”.35 Finally, 
in two very recent contributions on Zeise’s salt36 and its tris-C6F5 analogue,37 the authors reported three 
bands as having contribution from ν, but with no mention of the ρ mode.  In the first of these 
contributions – a variable pressure study – the weak 1515 cm-1 mode collapsed upon application of 
pressure, while a band at 1418 cm-1 with a negative pressure dependence was assigned to the ν (+δ) mode 
and a band at 1252 cm-1 with a positive pressure dependence was assigned to the δ (+ν) mode.36  In the 
second paper, no absorption in the IR spectrum of compound [Pt(C6F5)3(C2H4)]- could be unambiguously 
assigned to ν, but B3LYP/LANL2DZ calculations predicted three bands associated with a combination of 
ν and δ at 1307 (symmetric), 1501 (asymmetric), and 1584 (symmetric).37   
Therefore, in spite of several publications on vibrational studies of coordinated ethylene, there are 
still many controversies with the incomplete application of previously established knowledge, plus the 
unresolved issue of the vibrational coupling between the ν and δ modes on one side and the ρ mode on 
the other side.  Another problem affecting the correct assignment of the vibrational modes could be 
related to the nature of the metal atom, with isostructural complexes possibly showing opposite trends for 
the different bands as was shown for example for Zeise’s salt and its Pd-analogue.38  
In the course of a recent mechanistic investigation of the PtBr2-catalyzed hydroamination of 
ethylene and higher olefins,39-42 we have been drawn to synthesize and fully characterize a number of PtII-
C2H4 compounds with different ligand sets, notably aniline, as well as other aniline complexes that do not 
contain ethylene (see Chapter 2). A thorough investigation of these complexes by IR and Raman 
spectroscopy, coupled to high level DFT calculations, with particular focus on the vibrational modes that 
involve the ethylene ligand, allow us to shine more light on the vibrational coupling problem of 
coordinated ethylene. An analysis of other vibrations in the above compounds, notably the Pt-halogen 
stretching modes, will also be presented. This includes a previously unrecognized vibrational coupling 
and a band reassignment for the Pt-Br stretching vibrations.   
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Experimental Part. 
 
IR spectra were recorded on a Perkin-Elmer Spectrum 100 FTIR spectrometer (neat/4000-600 cm-
1) and on a Magna 750 Nicolet FTIR spectrometer (nujol/polyethylene: 600-50 cm-1) with  2 cm-1 
resolution. Raman spectra (solid) were recorded on a LabRAM HR 800 (HORIBA Jobin Yvon) 
spectrometer. 13C NMR investigations were carried out on a Bruker DPX300 spectrometer operating at 
75.47 MHz.  All complexes used in this study have been synthesized as described in Chapter 2. Quantum 
chemical calculation were performed with the Gaussian03 suite of programs43 using the B3LYP 
functional which includes the three-parameter gradient-corrected exchange functional of Becke44 and the 
correlation functional of Lee, Yang, and Parr which includes both local and non-local terms.45, 46  The 
basis set chosen was the standard 6-31+G*, which includes both polarization and diffuse functions that 
are necessary to allow angular and radial flexibility to the highly anionic systems, for all atoms of type H, 
C, N, and Br.  The Pt atom was described by the LANL2TZ(f) basis, which is an uncontracted version of 
LANL2DZ and includes an f polarization function and an ECP.47  Frequency calculations were carried out 
for all stationary points in order to verify their nature as local minima and to obtain the frequency, 
absorption intensity and composition of all vibrational normal modes, under the gas-phase and harmonic 
approximations.  The Gaussian03 output files where analyzed using ChemCraft software.48 The normal 
coordinate analysis and PED calculations were performed for all gas-phase optimized complexes with the 
program DISP49 by using equilibrium geometries and Cartesian force constants from Gaussian output 
files. DISP was used for transformation of the equilibrium geometries and the Cartesian force constants 
into the redundant internal coordinates and force constants with minimal off diagonal terms. PED was 
expressed as relative contribution of each internal coordinate to the potential energy of the given normal 
vibration. 
 
Results and discussion. 
 
Compounds (nBu4P)[PtBr3(C2H4)] (1), trans-[PtBr2(NH2Ph)(C2H4)] (2), cis-[PtBr2(NH2Ph)(C2H4)] 
(3), (PBu4)2[PtBr4] (4), (PBu4)[PtBr3(NH2Ph)] (5), and cis-[PtBr2(NH2Ph)2] (6) have been investigated 
experimentally by both IR and Raman spectroscopy, and theoretically by geometry optimization and 
normal mode analysis by the DFT approach.  Compound (nBu4P)[PtCl3(C2H4)] (1Cl) has also been 
investigated for comparative purposes. The theoretical study was also carried out on free C2H4 at the same 
theory level for comparison.  The DFT results were subsequently used to perform potential energy 
distribution (PED) analyses. In the next section, we shall describe the vibrational features (with particular 
focus on the q1, q2 and q3 vibrations) of the Pt(C2H4) moiety, which is present in compounds 1Cl, 1, 2 and 
3.  Subsequently, with shall analyze the Pt-halogen modes and finally other relevant vibrations.   A full 
list of all computed vibrational frequencies and IR intensities is provided as Supporting Information.  
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(a) νC=C vibration of coordinated ethylene: two or three bands? 
Experimental IR and Raman spectra in the 1600-980 cm-1 region for compounds 1, 2 and 3 are 
presented in Figure 1, Figure 2 and Figure 3, respectively. Those of compound 1Cl are available in the 
Supporting Information. The frequencies of the bands that can be assigned to the three A1-type normal 
modes q1, q2 and q3 are reported in Table 1. As expected, these are located at ca. 1550, 1250 and 1000 cm-
1. The IR spectrum of compound (Bu4N)[PtBr3(C2H4)] has been previously reported, with a weak band at 
1510 cm-1 in CH2Cl2 solution being assigned to ν.31  Complex 2 was also previously investigated by IR 
spectroscopy.50 A band observed at 1252 cm-1, in perfect agreement with our data, was attributed to the ν 
mode without mention of vibrational coupling. 
Analysis of the DFT results confirms the band assignment of Table 1.  The three above mentioned 
normal modes of compound 1 are shown in Figure 4.  Corresponding views of those of the other three 
complexes are available in the Supporting Information (Figure S1). The calculated frequencies are greater 
than those observed experimentally for each compound, as is usually the case for calculations done with 
density functional methods.  However, use of an appropriate “scaling factor” should in principle afford a 
good agreement with the experimental data.  Indeed, the computed frequency ratios (ν1/ν2 and ν1/ν3) are 
essentially identical with those obtained from the experimental data, further confirming the correctness of 
the band assignments. In addition, the frequencies measured for q1 and q2 of compound 1Cl are in good 
agreement with those described in several previous studies of Zeise’s salt (see Introduction).  This also 
means that the nature of the cation does not affect the Pt(C2H4) vibration to a large extent.  On the other 
hand, there was not universal agreement on the location of q3.  As stated in the Introduction, two sets of 
bands (at 1517, 1241 and 1023 cm-1 or at 1517, 1410 and 1241 cm-1) were considered as possibilities for 
q1, q2 and q3 in Zeise’s salt, a preference being given to the latter set.31 Our computational results, 
however, clearly identify the q3 mode as the lower frequency band (measured at 997 cm-1 for the PBu4+ 
salt). 
 
 
1227 cm-11511 cm-1
995 cm-1
(a)
(b)
980108011801280138014801580 ν /cm-1  
Figure 1.  Raman (a) and IR (b) spectra (neat) of compound 1. 
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1235 cm-1
1514 cm-1 1003 cm-1
(a)
(b)
(2)
98011801280138014801580 ?/cm-1  
Figure 2. Raman (a) and IR (b) spectra (neat) of compound 2. 
1252 cm-1
1519 cm-1
1006 cm-1
(a)
(b)
98011801280138014801580 ν/cm-1  
Figure 3. Raman (a) and IR (b) spectra (neat) of compound 3. 
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Table 1.  Observed and calculateda frequencies and PED analysis for the q1, q2 and q3 modes of the Pt(C2H4) moiety in C2H4 and in the Pt complexes 1Cl, 1, 2 and 3.   
Vibr. C2H4b 1Cl 1 2 3 
 Freq.  % Freq.  % Freq.  % Freq.  % Freq.  % 
q1  
1623 R 
(1701.9) 
ν 
δHCH 
δCCH 
ρ 
62 
23 
15 
0 
1516vw IR 
1516w R 
(1557.1) 
ν 
δHCH 
δCCH 
ρ 
21 
36 
39 
5 
1510w IR 
1512w R 
(1556.6) 
ν 
δHCH 
δCCH 
ρ 
22 
35 
38 
4 
1519w IR 
1520w R 
(1576.2) 
ν 
δHCH 
δCCH 
ρ 
23 
36 
36 
5 
1513w IR 
1515w R 
(1568.7) 
ν 
δHCH 
δCCH 
ρ 
26 
34 
36 
4 
q2 
1342 R 
(1388.3) 
ν 
δHCH 
δCCH 
ρ 
37 
39 
24 
0 
1230m (IR) 
1230m (R) 
(1251.3) 
ν 
δHCH 
δCCH 
ρ 
76 
10 
9 
2 
1227w IR 
1226m R 
(1252.3) 
ν 
δHCH 
δCCH 
ρ 
75 
11 
10 
1 
1252w IR 
1254m R 
(1283.6) 
ν 
δHCH 
δCCH 
ρ 
74 
11 
9 
2 
1236w IR 
1236m R 
(1265.6) 
ν 
δHCH 
δCCH 
ρ 
71 
13 
11 
3 
q3 
949 IR 
(974.2) 
ν 
δHCH 
δCCH 
ρ 
0 
0 
0 
100 
997 (IR) 
997w (R) 
(1019.0) 
ν 
δHCH 
δCCH 
ρ 
0 
0 
14 
90 
995m IR 
995w R 
(1016.7) 
ν 
δHCH 
δCCH 
ρ 
0 
0 
14 
90 
1007m IR 
1004m R 
(1050.3) 
ν 
δHCH 
δCCH 
ρ 
0 
0 
14 
88 
1005m IR 
1002m R 
(1037.1) 
ν 
δHCH 
δCCH 
ρ 
0 
0 
12 
91 
ν1/ν 2 1.21 R (1.23) 1.23 IR 1.23 R (1.24) 1.23 IR 1.23 R (1.24) 1.21 IR 1.21 R (1.23) 1.22 IR 1.23 R (1.24) 
ν1/ν 3 1.71 R (1.75) 1.52 IR 1.52 R (1.53) 1.52 IR 1.52 R (1.53) 1.51 IR 1.51 R (1.50) 1.51 IR 1.51 R (1.51) 
aIR = observed in the IR spectrum; R = observed in the Raman spectrum; the value in parentheses is that computed for the DFT optimized geometry.   bThe Raman 
data for free C2H4 are taken from ref. 1. 
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q1
1557 cm-1
q2
1252 cm-1
q3
1017 cm-1
 
Figure 4. Two orthogonal views of the calculated normal modes q1, q2 and q3 for the anion of 1. 
 
The results of the PED analyses are also collected in Table 1.  This analysis reveals that ν and δ are 
heavily mixed in all cases in the higher frequency modes q1 and q2, and provide a small or negligible 
contribution to the lower frequency q3. Conversely, the ρ mode mostly contributes to q3 and only to a very 
minor proportion to q1 and q2.  Thus, even though the deviation from planarity of the ethylene molecule 
upon coordination allows mixing between (ν + δ) and ρ as discussed in the Introduction, this mixing 
remains in practice minimal.  This is partly due to the small perturbation of the higher symmetry, and 
partly to the large frequency difference between the ν/δ and ρ modes, although the coordination process 
has the effect of raising the q3 frequency by ca. 50 cm-1 and lowering the q1 and q2 frequencies by ca. 100 
cm-1, such as the (ν1-ν3) and (ν2-ν3) values are significantly reduced. As found in most previous studies, 
the major contribution of ν is found in q2, whereas δ contributes more heavily to q1. Thus, our analysis is 
fully consistent with previous results,12, 13, 29 but it additionally provides a clearer picture about the 
location and mixing of the ρ vibration.  
An analysis of the relative frequencies of q1 and q2 for the various compounds may provide 
information on the Pt-C2H4 bonding.  As noted above, the ν mode is more heavily contributing to q2, for 
which the relative frequency trend is 2 (1252 cm-1) > 3 (1236 cm-1) > 1Cl (1230 cm-1) > 1 (1227 cm-1) for a 
total frequency range of 25 cm-1. This trend suggests a C=C bond weakening along the same series.  The 
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mode q1 varies to a much smaller degree between the four compounds (10 cm-1 frequency range, see 
Table 1), and the trend is not exactly the same (2 > 1Cl > 3 > 1), although the smaller range makes this 
assignment less reliable.  Weakening of the C=C bond may result from either an increase of PtÆC2H4 π 
back-bonding, or an increase of PtÅC2H4 σ bonding, or both.  It is not possible to make conclusions 
about the relative effect of each of these bonding components, although both are probably contributing 
because there is no clear correlation with the computed Mulliken charges on the ethylene C atoms.  Note 
that the largest frequency change for q2 is observed on going from 2 to 3, corresponding to a change of 
the ligand trans to ethylene from aniline to Br.  The frequency changes are smaller when the same ligand 
variation occurs in the cis position or when Br is changed with Cl. 
The absorption frequencies ν1 and ν2 are found to correlate with the 13C{1H} NMR resonance of 
the ethylene ligand in CD2Cl2 solution, see Figure 5.  Compound 3 could not be used for this study since 
it is insoluble in CH2Cl2.  Although the validity of correlations based on only three points may be 
questioned, we note that analogous correlations have been highlighted between the νCO vibration of 
carbonyl compounds and the carbonyl 13C NMR resonance.51, 52  For both bands, the compound showing 
the lower frequency (smaller force constant) is associated to the most upfield-shifted resonance.  This 
appears consistent with a greater importance of π back-bonding effects.  Indeed, greater π back-bonding 
(as expected for the anionic compounds where the charge density on the metal is greater) would not only 
weaken the C=C bond (lower frequency for q1 and q2) but also increase the electron density on the olefin 
ligand, inducing an upfield shift of the 13C NMR resonance.    
 
1510
1520
1530
1225
1235
1245
1255
65 67 69 71 73
δ(31C)
ν/c
m
-1
ν2
ν1
1Cl
1
2
2
11Cl
 
Figure 5.  Correlation between the normal mode frequencies of Band 1 (a) and Band 2 (b) and the 
olefin ligand 13C NMR chemical shift for olefin complexes. 
 
In conclusion, for all practical purposes a coordinated ethylene ligand has the ν mode distributed 
essentially in two normal modes, usually observed around 1500 and 1200 cm-1.  The contribution to the 
mode at ca. 1000 cm-1 may be neglected because too small. On the other hand, attributing the ν mode to 
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only one band is incorrect, because mixing between ν and δ is always extensive.  At any rate, the major 
contribution of ν is found in the lower-frequency band at ca. 1200 cm-1 and not in the higher frequency 
one at ca. 1500 cm-1, at least for the family of PtII complexes investigated here. 
The other 9 normal modes of the C2H4 are modified only in a minor way upon coordination to the 
Pt atom, see Supporting Information (Table S1).  The band calculated at 1473 cm-1 (observed at 1406 cm-
1) for compound 1 and related to that previously considered as a possibility for ρ in Zeise’s salt31 is clearly 
originating from an asymmetric CH2 scissoring mode (B1), derived from δ(B3u) of free ethylene.  Note 
that this band is of B1 type in C2v symmetry, thus it cannot vibrationally couple with the A1-type q1, q2 and 
q3 modes.   
 
(b) ν(Pt-C) vibrations.  
The symmetric and antisymmetric motions of the Pt-C2H4 moiety [ν(PtC2)] were assigned on the 
basis of the theoretical calculations and are in close agreement with those previously reported for other 
Pt(C2H4) complexes.1, 31 In all cases the measured frequencies were higher than the calculated ones, see 
Table 2.  Both experimental and computed values are smallest for complex 2 and highest for 1Cl.  As 
expected, a stronger Pt-C2H4 interaction should be associated to a greater weakening of the C=C bond, 
thus yielding higher-frequency PtC2 modes and lower frequencies for the q2 mode where νC=C participates 
the most.  Indeed, the overall trend in the two PtC2 vibrational modes is opposite to that of ν2 (1Cl > 1 > 3 
> 2), cf. Table 2 and Table 1. As can be seen in Table 2, these trends also perfectly correlate with the 
optimized Pt-C and C=C distances.   
 
Table 2.  Experimental (IR/Raman) and calculated frequencies (cm-1) for the ν(PtC2) vibrations and 
optimized Pt-C and C=C bonding parameters (Å).  
 1Cl 1 2 3 
νs(Pt-C2) (A1) 
413w IR 
413m R 
(408) 
403m IR 
407m R 
(393) 
382w IR 
380w R 
(371) 
386w IR 
393m R 
(377) 
νas(Pt-C2) (B1) 
507w IR 
512m R 
(502) 
498w IR 
504m R 
(487) 
475w IR 
474w R 
(471) 
482m IR 
482w R 
(475) 
Pt-C 
2.131 
2.131 
2.145 
2.145 
2.164 
2.164 
2.159 
2.163 
C=C 1.410 1.408 1.398 1.404 
aIR = observed in the IR spectrum; R = observed in the Raman spectrum; the value in parentheses is that 
computed for the DFT optimized geometry. 
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(c) Pt-X vibrations 
c1. Compound 4. The D4h-symmetric square-planar [PtBr4]2- complex is expected to give rise to 9 
vibrational modes, A1g(R) + B1g(R) + A2u(IR) + B2g(R) + B2u(inactive) + 2Eu(IR), which can be classified 
as 4 stretching modes (A1g+B1g+Eu), 3 in-plane bending modes (B2g+Eu) and 2 out-of-plane (wagging) 
modes (A2u+B2u).53 The far-IR and Raman frequencies of the [PtBr4]2- complex in the PBu4+ salt (see 
Figure S2) are in good agreement with those previously reported for the nBu4N+ and K+ salts54, 55 (see 
Table 3).  However, some assignments made previously need to be reconsidered.  
 
Table 3.  Calculated and observed frequencies and assignments for [PtBr4]2- 
Calcd  
freq. cm-1 
symmetry Assignment, 
PED 
Observed frequency/cm-1  
   Compd 4 
(IR and R) 
NBu4+ salta 
(IR) 
K+ saltb 
(R) 
K+ 
saltc 
(IR) 
K+ saltd 
(R) 
192 1Eu (IR) 94% ν + 6% 
δ 
226vs  225vs (227)  231  
176 A1g (R) Ν 203s  208  214, 204e 
(208) 
159 B1g (R) Ν 190s  194  n.l.f 
97 A2u (IR) Ρ 110vwsh 104ms 
(105) 
 128  
96 2Eu (IR) 6% ν + 94% 
δ 
104vw 112sh (112)  129  
93 B2g (R) ∆ 108m  106  189 (194) 
43 B2u (n.a.)g Ρ      
a From ref. 55: powder data for Raman, Nujol mull data (CHCl3 solution in parentheses) for IR. b From ref. 
55: H2O solution. c From ref. 56: single-crystal IR-reflectance (transverse optical mode, 295 K). d From ref. 
54: powder data, with solution values (D2O) in parentheses. e Observed as a nonsymmetrical doublet due to 
a Davydov splitting. f Not located. g Not active.  
 
A previously unrecognized vibrational coupling in the two IR-active Eu modes is revealed by the 
computational results, as shown in Figure 6. The higher frequency band calculated at 192 cm-1 (1Eu) 
consists mostly of ν but also has a 6% component of δ, whereas the much weaker band calculated at 96 
cm-1 (1Eu) has greater component from the bending mode and a 6% contribution from ν. The other 5 
normal modes of the [PtBr4]2- complex are shown in the Supporting Information (Figure S3) and their 
calculated frequencies and symmetry labels are reported in Table 3.  There are 3 higher frequency modes 
(192-159 cm-1), of which only one is active in the IR, followed by a large gap with the next group of 3 
modes in a narrow range (97-93 cm-1), and a final inactive mode (B2u at 43 cm-1).    
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192 cm-1 96 cm-1  
Figure 6.  Calculated Eu normal modes for complex [PtBr4]2- resulting from vibrational coupling 
between ν(Pt-Br) and δ(Br-Pt-Br). 
 
The 1Eu mode is the most easily identified mode because it is the most intense band in the IR 
spectrum at 226 cm-1, and corresponds to previously assigned bands for the K+ and nBu4N+ salts (see 
Table 3).55, 56  The two other high-frequency modes (A1g and B1g) are visible in the Raman spectrum at 
200 and 188 cm-1. These assignments appear reasonable because the calculated and observed frequency 
ratios are quite comparable (1Eu/A1g: calcd. 1.09; found 1.13. 1Eu/B1g: calcd. 1.21; found 1.20). In 
previous Raman studies, carried out only on the K+ salt, the Ag mode was assigned also to a band in the 
same region of the spectrum at 208 cm-1 in aqueous solution,54, 55 or to two bands at 214 and 204 cm-1 due 
to lattice effects (Davydov splitting).54 A band around 190 cm-1 was also observed in the previous studies 
but wrongly assigned to the B2g mode in one case.  
For the next three bands, the assignment is more difficult given the narrow frequency range. Only 
one Raman active band is expected in this region and this was reported at 106 cm-1 for the K+ salt in H2O 
solution.55 Compound 4 shows this band at 108 cm-1. The other two bands in this group, A2u and 2Eu, are 
IR active.  Our measured spectrum shows a band at 104 cm-1 with a shoulder at ca. 110 cm-1, similar to 
the spectrum reported for the nBu4N+ salt.55  According to the calculation, the 2Eu band is more intense 
than the A2u band (2.44 vs. 1.37), thus the assignment of the 104 cm-1 band to the 2Eu mode appears more 
consistent.   
 
c2. The trihalo anions 1Cl, 1 and 5. 
In these compounds, the three Pt-X (X = Cl or Br) bonds afford three stretching modes, two in-
plane bending modes, and two out-of-plane bending modes, the last two being mixed with the out-of-
plane Pt-C2H4 bending motions.  The experimental IR and Raman spectra of these compounds in the low-
frequency region are available in the Supporting Information (Figures S4 and S5, respectively). Only the 
stretching modes, shown in Figure 7 for compound 1Cl as an example, will be analyzed in detail (see 
Table 4).  The in-plane bending modes, for which only partial and tentative assignment of the spectra 
could be made, are shown in the Supporting Information (Figure S6) together with the experimental IR 
and Raman spectra (Figures S4 and S5).  
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In several contributions reporting a vibrational analysis of T-shaped MX3 moiety, the three 
stretching modes are described as one axial (νaxial, A1) and two equatorial (a symmetric A1, νeq,s, and an 
antisymmetric B1, νeq,as) modes.  However, like the A1-type νC=C and δs(CH2) modes described in part a, 
vibrational coupling is to be expected and indeed the calculations yield two A1 normal modes with 
contribution from all three Pt-X bonds. The higher frequency ν1 mode is an in-phase motion of all three 
Pt-X bonds, whereas in ν3 the two mutually trans Pt-X bonds move in-phase with respect to each other 
and out of phase with respect to the axial Pt-X bond (trans to the olefin). The B2 stretching mode (ν2) is 
an out-of-phase stretching of the mutually trans Pt-X bonds, with no contribution from the axial Pt-X 
bond.  The contribution of axial and equatorial Pt-X vibrations to each of these modes is revealed by a 
PED analysis, the results of which are also reported in Table 4. It is interesting to compare the Cl/Br 
substitution (1Cl vs. 1) and also the C2H4/PhNH2 substitution (1 vs. 5). The highest frequency stretching 
mode is ν1 for 1Cl and ν2 for 1, according to the calculations. On going from 1 to 5 (C2H4/PhNH2 
substitution), however, ν1 becomes again the higher frequency mode.  The ν3 mode is the lowest 
frequency stretching mode for all three complexes. 
 
ν1 ν2 ν3  
Figure 7. Normal modes of vibration for the PtX3 moiety in compound 1Cl. Compounds 1 and 5 exhibit 
related modes.  
 
It is interesting to note that the axial and equatorial Pt-X bond stretches are heavily mixed in ν1 and 
ν3 for compound 1Cl, much less so for compound 1, and not at all for compound 5. The new assignments 
backed up by our DFT calculations are compared with those previously published by other authors in 
Table 5.  Only one of the previously published assignments for the [PtBr3(C2H4)]- complex (nBu4N+ 
salt55) is essentially in agreement with ours, except for the neglect of a small mixing of the symmetric 
equatorial PtBr2 vibration in the middle frequency mode and a similarly small mixing of the unique PtBr 
vibration in the low frequency mode. The other two studies26, 57 report only two of the three possible 
bands, with assignments in disagreement with ours. Concerning Zeise’s salt, many different assignments 
have been made, all of them attributing the higher frequency band to either the symmetric or the 
asymmetric PtCl2 vibration.  On the other hand, there is high mixing between symmetric PtCl2 and PtCl 
vibrations according to our calculations, and the strongest contribution to the higher frequency band is in 
fact provided by the latter.  
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Table 4. Experimental (IR/Raman) and calculated (gas phase) frequencies (cm-1)a for the ν(Pt-X) 
vibrations in compounds 1Cl, 1 and 5.  
Vibr. 1Cl 1 5 
 Freq. Assign. PED Freq. Assign. PED Freq. Assign. PED 
ν1(PtX) 
(A1)  
339vw IRb 
338s R 
(308.9) 
νax 
νeq(s) 
58% 
41% 
221m IR 
221m R 
(208) 
νax 
νeq(s) 
86% 
10% 
237vs IR 
238vw R 
(224) 
νax 
νeq(s) 
89% 
0% 
ν2(PtX) 
(B2) 
333m IR 
332vw Rb 
(300.2) 
νax 
νeq(as) 
0% 
99% 
241vs IR 
242vw R 
(214) 
νax 
νeq(as) 
0% 
86% 
224vs IR 
226m R 
(208) 
νax 
νeq(as) 
0% 
95% 
ν3(PtX) 
(A1) 
314w IR 
313w R 
(286.8) 
νax 
νeq(s) 
42% 
58% 
200m IR 
201vs R 
(180) 
νax 
νeq(s) 
11% 
89% 
212w IR 
210s R 
(178) 
νax 
νeq(s) 
3% 
85% 
aIR = observed in the IR spectrum; R = observed in the Raman spectrum; the value in parentheses is that 
computed for the DFT optimized geometry. bObserved as a shoulder.  
 
Table 5. Comparison of Pt-X stretching band assignments.a  
Compound High frequency Middle frequency Low frequency Ref. 
Trichloride     
K[PtCl3(C2H4)]·H2O 339 PtCl2 as 331 PtCl2 s 310 PtCl 25 
 338 PtCl2 s 327 PtCl2 as 309 PtCl 27 
 335 PtCl2 s 328 PtCl 306 PtCl2 as 55 
 336 PtCl2 s 330 PtCl 308 PtCl2 as 55b 
 336 PtCl2 s Not located 294 PtCl2 as 36c 
 340 PtCl2 s 330 PtCl2 as 305 PtCl 26 
K[PtCl3(C2H4)] 338 PtCl2 s 334 PtCl 312 PtCl2 as 55 
nBu4N[PtCl3(C2H4)]d 338 PtCl2 s 332 PtCl 316 PtCl2 as 55 
nBu4P[PtCl3(C2H4)] 338 PtCl (58%) 
  + PtCl2 s (41%) 
332 PtCl2 as 314 PtCl2 s (58%) 
       + PtCl (42%) 
This work 
Tribromide     
K[PtBr3(C2H4)]·H2O 246 PtBr2 as 227 PtBr2 s Not located 57 
C9H7NH[PtBr3(C2H4)]e Not located 218 PtBr2 as  198 PtBr 26 
nBu4N[PtBr3(C2H4)] 241 PtBr2 as 220 PtBr 201 PtBr2 s 55 
nBu4P[PtBr3(C2H4)] 241 PtBr2 as 221 PtBr (86%) 
  + PtBr2 s (10%) 
201 PtBr2 s (89%) 
       + PtBr (11%) 
This work 
aMeasurements carried out in Nujol mull unless otherwise stated.  bMeasured in H2O-HCl 
solution.cMeasurement carried out under pressure. dMeasured in CDCl3 solution. eC9H7NH = quinolinium. 
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c3. The neutral dihalo complexes 2, 3 and 6. 
The vibrational properties of compound 2 have already been reported.50, 58  However, the study was 
limited to IR and only one stretching vibration was reported at 248 cm-1. We find (see Table 6 and 
supporting figures S4 and S5) an intense band in the IR at the same frequency (also visible as a weaker 
band in the Raman spectrum at 249 cm-1, calculated at 223 cm-1), which can be assigned to the 
asymmetric PtBr2 vibration on the basis of the calculations. On the other hand, two bands at 199 and 189 
cm-1 are predicted by the calculations to be associated with the symmetric PtBr2 vibration, because of 
vibrational coupling with the aniline and ethylene ligand deformations. These are seen as two intense 
bands at 202 and 212 cm-1 in the Raman spectrum, whereas they are weaker in the IR spectrum (201 cm-1 
with a lower intensity shoulder on the higher frequency side).  A relatively strong band observed in the IR 
spectrum at 195 cm-1 (not visible in the Raman spectrum) can be assigned to a C2H4-Pt-NH2Ph bending 
mode (calculated at 185 cm-1).  A band at 195 cm-1 (but none at 201 cm-1) was also reported in ref. 58 
without assignment.   
 
Table 6. Experimental (IR/Raman) and calculated (gas phase) frequencies (cm-1) for ν(Pt-X) and δ(Pt-X) 
vibrations in compounds 2, 3 and 6.  
 2 3 6 
νas(PtBr2) 
248vs (IR) 
249vw (R) 
233 (calc) 
222m (IR)b 
221m (R)b 
213 (calc)b 
222s (IR) 
222s (R) 
225 (calc) 
νs(PtBr2) 
201m (IR) 
202m (R) 
189, 199 (calc) 
233vs (IR)c 
232vs (R)c 
237 (calc)c 
228vs (IR) 
228m,sh (R) 
233 (calc) 
aObserved as a shoulder. btrans to ethylene. ctrans to aniline. 
 
Complex 3 features two Pt-Br stretching vibrations that are seen as the most intense bands in the 
low-frequency region both in the IR and in the Raman spectrum (see Table 6). According to the 
calculations, the lower frequency band has the major component from the Pt-Br bond trans to ethylene 
(with the longer bond of 2.482 Å), with a small in-phase component from the other bond. The higher 
frequency band is an out-of-phase component with the major contribution from the Pt-Br bond trans to 
aniline (with the shorter bond of 2.449 Å). The small coupling between these two bonds is probably 
related to the electronic asymmetry of the molecule.   
The vibrational properties of compound 6 have already been reported.59 However, like in the case 
of compound 2, the study was limited to IR and only one stretching vibration was reported at 223 cm-1. 
Like complex 3, we find complex 6 to feature two high intensity Pt-Br stretching vibrations both in the IR 
and in the Raman spectrum, at frequencies very close to those of 3 (see Table 6). However, contrary to 3, 
the electronic symmetry in 6 favors a strong coupling and thus symmetric and asymmetric combinations 
are observed, each having equal contribution from the two Pt-Br bonds. Note that for the trans 
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arrangement in 2, the in-phase mode (νs(PtBr2)) is seen at lower frequency relative to the out-of-phase 
mode (νas(PtBr2)), whereas the reverse is true for the cis arrangement of 6.  
 
(d) ν(Pt-N) vibrations  
In order to complete the analysis of Pt-ligand stretching vibrations, we halso also examined the Pt-
N stretch for all complexes containing aniline. The calculated and experimental frequencies are 
summarized in Table 7. For all compounds, the Pt-N stretching vibration is strongly coupled with ring 
vibrations and thus substantially contributes to two different vibrational modes. These are shown in the 
Supporting Information for the specific case of compound 5 (Figure S7). For this reason, there is no clear 
correlation between either of the two frequencies and the calculated Pt-N bond length (also reported in 
Table 7).  The previously reported vibrational analysis, limited to IR, of compound 2 attributes the Pt-N 
stretching vibration to a band observed50 at 434 cm-1 whereas the analysis of compound 6 attributed to the 
Pt-N stretch bands at 367 and 290 cm-1.59 For each of compounds 2, 3 and 5, we observe a band in the 
430-450 cm-1 region and also two bands around 550 cm-1, one of which is probably related to the 
combination mode with ν(Pt-N) component. For compound 6, two bands of similar intensity are observed 
at ca. 450 cm-1, whereas the 550 cm-1 region of the spectrum is similar to that of the other compounds.   
 
Table 7. Experimental (IR/Raman) and calculated (gas phase) frequencies (cm-1) for ν(Pt-N) and ν(C-N) 
vibrations in compounds 2, 3, 5 and 6.  
2 3 5 6 ν/cm-1assnmt 
or dAA/Å calc expr calc expr calc expr calc expr 
ν(Pt-N) 
555 
421 
430m (IR) 
431m (R) 
557 
426 
432m (IR)
431m (R) 
557 
415 
442m (IR)
440m (R)
563νas, 561νs 
442νas, 438νs 
455s, 443s (IR) 
445m (R) 
dPtN 2.137  2.147  2.116  2.122  
 
Conclusion 
 
Our spectroscopic analysis of a few PtBr2 derivatives, triggered by a theoretical study of these 
compounds in relation to their possible involvement in ethylene hydroamination catalysis, has led us to 
reconsider several spectra assignment made for these and related compounds in the literature, including 
some relatively recent contributions.  The main contributions of the present study have been the 
recognition of previously unsuspected vibrational couplings (notably for PtBrn fragments with n = 2, 3 
and 4) and an analysis of its limitations (notably for the q1, q2 and q3 modes of coordinated C2H4).  It has 
been shown that a satisfactory interpretation of the experimental spectra can be provided on the basis of 
high level DFT calculations.  Given the ready availability of computational tools, it is now possible to 
reconsider previously dubious assignments of spectral features and put vibrational analysis on a more 
solid basis as a characterization tool for new compounds.   
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ANNEXE 1 
SUPPORTING MATERIAL FOR CHAPTER 2 
 
Additional physical data for compounds 1-6. 
Figure S1. Molecular structure of the dianion of 1. 
Table S1. Selected bond distances (Å) and angles (°) for the [PtBr4]2- ion and a view of the optimized 
DFT geometry. 
Figure S2. Molecular structure of the dianion of compound 1’.  
Table S2. Selected bond distances (Å) and angles (°) for the [Pt2Br6]2- ion and a view of the optimized 
DFT geometry. 
Table S3. Selected bond distances (Å) and angles (°) for the [PtBr3(C2H4)]- complex and a view of the 
optimized DFT geometry. 
Table S4.  Selected bond distances (Å) and angles (°) for the [PtBr3(PhNH2)]- complex and a view of 
the optimized DFT geometry. 
Figure S3. POV-Ray views of the 3-dimensional H-bonding network in compounds 4 and 5. 
Table S5.  Selected bond distances (Å) and angles (°) for complex trans-PtBr2(C2H4)(PhNH2) and a 
view of the optimized DFT geometry. 
Figure S4. 1H NMR resonance of the C2H4 ligand in complex 2 in CD2Cl2 at different temperatures. 
Table S6.  Selected bond distances (Å) and angles (°) for complex cis-PtBr2(C2H4)(PhNH2) and a view 
of the optimized DFT geometry.  
Table S7.  Selected bond distances (Å) and angles (°) for the DFT optimized systems VI, VII, VII’ 
and VIII and views of the corresponding optimized geometries. 
Figure S5. Packing diagram of compound 6.  
Figure S6.  1H NMR spectra of 4+nBu4PBr/2+aniline equilibria in CD2Cl2. 
Figure S7.  1H NMR spectra of 4 + nBu4PBr at different temperatures in THF-d8. 
Figure S8.  1H NMR spectra in THF-d8 at 298K of: 4 (a); 4 + aniline (1 equiv) (b), aniline (c).
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Additional physical data for compounds 1-6. 
 
Compound (nBu4P)2[PtBr4] (1) 
195Pt NMR spectra (64.5 MHz, 298K) in other solvents.  
(a) THF-d8: δ -2586 (s). (b) D2O: δ -2663 (s).  
UV/vis (CH2Cl2, 298 K).  
λmax/nm (ε·cm·M): 431 (155), 306 (3411), 279 (6977), 225 (31000). 
 
Compound (nBu4P)[PtBr3(C2H4)] (2) 
NMR spectra in THF-d8 (298 K).  
1H (300.13 MHz): δ 4.45 (s+d 1:10:1, 2JH-Pt = 65 Hz, C2H4) 
13C{1H} (75.5 MHz): δ 64.8 (s+d, 1JC-Pt = 176 Hz, C2H4) 
195Pt (64.5 MHz): δ -3416 (quint, 2JPt-H = 65 Hz).  
UV/vis (CH2Cl2, 298K) 
λmax/nm (ε·cm·M): 359 (688obs, 625calc), 306 (3688obs, 3375calc), 274 (4438obs, 2500calc), 232 (18875obs, 
18563calc).  
IR ν/cm-1: 1510 (δs(CH2) + νC=C), 1227 (νC=C + δs(CH2)). 
 
Compound (nBu4P)[PtBr3(PhNH2)] (3) 
UV/vis (CH2Cl2, 298K)  
λmax/nm (ε·cm·M): 616 (10obs), 464 (80obs), 389 (280obs), 333 (sh, 560obs), 296 (1660obs), 262 (8130obs).  
 
Compound trans-PtBr2(PhNH2)(C2H4) (4) 
NMR spectra in THF-d8 (298 K).  
1H (300.13 MHz): δ 4.64 (s+d 1:10:1, 2JH-Pt = 63 Hz, 4H, C2H4), 7.1-7.5 (m, 5H, C6H5NH2), 7.67 (br, 
∆δ1/2 = 26 Hz, 2H, C6H5NH2). 
13C{1H} (75.5 MHz): δ 70.1 (s+d, 1JC-Pt = 161 Hz, C2H4), 122.7 (o-C, C6H5NH2), 125.1 (p-C, C6H5NH2), 
128.7 (m-C, C6H5NH2), 140.4 (i-C, C6H5NH2). 
195Pt (64.5 MHz): δ -3529 (quint p.r., ∆δ1/2 = 200 Hz). 
NMR spectra in toluene-d8 (298 K)  
1H (300.13 MHz, toluene-d8): δ 4.49 (s+d 1:10:1, 2JH-Pt = 63 Hz, 4H, C2H4), 6.8-7.2 (m, 5H, C6H5NH2), 
5.01 (br, ∆δ1/2 = 40 Hz, 2H, C6H5NH2). 
NMR spectra in DMF-d7 (298 K) 
13C{1H} (75.5 MHz): δ 70.8 (C2H4). 
195Pt (64.5 MHz): δ -3509 (br).  
UV/vis (CH2Cl2, 298K) 
λmax/nm (ε·cm·M): 341 sh (605), 310 (1280), 263 (4950), 229 (11820). Far-IR: 553 w, 540 vs, 475 w, 431 
m, 382 m, 372 wsh, 352 vw, 248 vs, 201 s, 194 s, 151 w, 142 w, 126 w, 116 w, 97 w, 89 w, 72 w, 57 w. 
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IR ν/cm-1: 1519 (δs(CH2) + νC=C), 1252 (νC=C + δs(CH2)). 
 
Compound cis-PtBr2(PhNH2)(C2H4) (5) 
UV/vis (DMF, 298 K) 
λmax/nm (ε·cm·M) ca. 339 sh (1490), 292 (11430), 266 (7970). 
IR ν/cm-1: 1513 (δs(CH2) + νC=C), 1236 (νC=C + δs(CH2)). 
 
Compound cis-PtBr2(PhNH2)2 (6) 
NMR spectra in THF-d8 (298 K).  
195Pt (64.5 MHz): δ -2430 (br, ∆δ1/2 = 500 Hz).  
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Figure S1. Molecular structure of the dianion of 1. Molecular ellipsoids are drawn at the 30% 
probability level.  
 
Table S1. Selected bond distances (Å) and angles (°) for the [PtBr4]2- ion and a view of the optimized 
DFT geometry. 
Distances X-raya DFTb Angles  X-raya DFTb 
Pt-Br1 2.4196(11) 2.527 Br1-Pt-Br2 179.25(5) 180 
Pt-Br2 2.4209(11) 2.527 Br1-Pt-Br3 90.69(4) 90 
Pt-Br3 2.4251(10) 2.527 Br1-Pt-Br4 88.74(4) 90 
Pt-Br4 2.4285(11) 2.527 Br2-Pt-Br3 89.39(4) 90 
   Br2-Pt-Br4 91.16(4) 90 
   Br3-Pt-Br4 178.78(4) 180 
saFrom the X-ray structure of compound 1. bOptimized geometry of the free ion (I) in the gas phase. 
 
 
Figure S2. Molecular structure of the dianion of compound 1’. Molecular ellipsoids are drawn at the 
30% probability level. 
 
Table S2. Selected bond distances (Å) and angles (°) for the [Pt2Br6]2- ion and a view of the optimized 
DFT geometry. 
Distances X-raya DFTb Angles  X-raya DFTb 
Pt1-Br1 2.4183(6) 2.49 Br1-Pt1-Br2 92.74(2) 92.3 
Pt1-Br2 2.4087(6)  Br1-Pt1-Br3 175.98(2) 175.7 
Pt1-Br3 2.4403(6) 2.52 Br1-Pt1-Br3i 91.59(2) 91.9 
Pt1-Br3i 2.4427(6)  Br2-Pt1-Br3 90.36(2)  
   Br2-Pt1-Br3i 175.61(2)  
   Br3-Pt1-Br3i 85.352(19) 83.8 
   Pt1-Br3-Pt1i 94.648(19) 96.2 
aFrom the X-ray structure of compound 1’. bOptimized geometry of the free ion (I’) in the gas phase.  
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Table S3. Selected bond distances (Å) and angles (°) for the [PtBr3(C2H4)]- complex and a view of the 
optimized DFT geometry. 
Distances X-raya DFTb Angles X-raya DFTb 
Pt-Br1 2.4294(14) 2.49 Br1-Pt-Br2 89.83(6) 90.8 
Pt-Br2 2.4229(16) 2.51 Br1-Pt-Br3 91.29(5) 90.8 
Pt-Br3 2.4337(14) 2.51 Br2-Pt-Br3 178.47(6) 178.3 
Pt-C1 2.118(13) 2.14    
Pt-C2 2.143(12) 2.14    
C1-C2 1.37(2) 1.41    
aFrom the X-ray structure of compound 2. bOptimized geometry of the free ion (II) in the gas phase.  
Table S4.  Selected bond distances (Å) and angles (°) for the [PtBr3(PhNH2)]- complex and a view of 
the optimized DFT geometry. 
Distances X-raya DFTb Angles X-raya DFTb 
Pt-Br1 2.4444(9) 2.46 Br1-Pt-Br2 92.44(3) 93.7 
Pt-Br2 2.4487(7) 2.51 Br1-Pt-Br3 91.15(3) 93.7 
Pt-Br3 2.4375(7) 2.51 Br1-Pt-N1 178.64(11) 179.3 
Pt-N1 2.078(4) 2.12 Br2-Pt-Br3 176.07(2) 171.4 
   Br2-Pt-N2 87.60(12) 86.3 
   Br3-Pt-N2 88.86(12) 86.3 
   Pt-N1-C1 113.2(3) 117.7 
aFrom the X-ray structure of compound 3. bOptimized geometry of the free ion (III) in the gas phase.  
2.70
2.66
2.59
2.59
2.66
2.70
2.88
2.85
2.76
2.88
2.85 3.29
3.29
 
Figure S3. POV-Ray views of the 3-dimensional H-bonding network in trans-PtBr2(C2H4)(PhNH2) 
(4, left) and cis-PtBr2(C2H4)(PhNH2) (5, right).  
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Table S5.  Selected bond distances (Å) and angles (°) for complex trans-PtBr2(C2H4)(PhNH2) and a 
view of the optimized DFT geometry. 
Distances X-raya DFTb Angles X-raya DFTb 
Pt1-Br11 2.4108(6) 
2.4093(7) 
2.49 Br11-Pt1-Br12 179.49(2) 
178.12(3) 
174.9 
Pt1-Br12 2.4203(6) 
2.4237(7) 
2.48 Br11-Pt1-N1 89.64(12) 
89.33(12) 
87.7 
Pt1-N1 2.093(4) 
2.093(5) 
2.14 Br12-Pt1-N1 89.99(12) 
88.98(12) 
88.1 
Pt1-C1 2.155(6) 
2.158(7) 
2.16    
Pt1-C2 2.145(6) 
2.153(6) 
2.16    
C1-C2 1.378(10) 
1.375(9) 
1.40    
aFrom the X-ray structure of compound 4; the second number refers to the same parameter in the other 
crystallographically independent molecule. bOptimized gas phase geometry (IV). 
 
δ/ppm4.404.504.604.704.80
298K
250K
200K
 
 
Figure S4.  1H NMR resonance of the C2H4 ligand in complex 2 in CD2Cl2 at different temperatures. 
 
Table S6.  Selected bond distances (Å) and angles (°) for complex cis-PtBr2(C2H4)(PhNH2) and a view 
of the optimized DFT geometry. 
Distances X-raya DFTb Angles X-raya DFTb 
Pt-Br1 2.4239(13) 2.45 Br1-Pt-Br2 91.00(5) 93.0 
Pt-Br2 2.4364(13) 2.48 Br1-Pt-N1 176.2(3) 176.3 
Pt-N1 2.082(10) 2.15 Br2-Pt-N1 85.4(3) 83.6 
Pt-C1 2.112(13) 2.16    
Pt-C2 2.130(12) 2.16    
C1-C2 1.367(18) 1.40    
aFrom the X-ray structure of compound 5. bOptimized gas phase geometry (V). 
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Table S7.  Selected bond distances (Å) and angles (°) for the DFT optimized systems VI, VII, VII’ and 
VIII and views of the corresponding optimized geometries.a 
 
Distances VI VII VII’ VIII Angles VI VII VII’ VIII 
Pt-Br 2.46 2.48 2.52 2.47 Br-Pt-Br 95.7 179.8 171.9 89.5 
Pt-N 2.12    Br-Pt-N/Xcis 84.6 90.0 85.9(┴) 
94.1(׀ ׀) 
87.5 
Pt-C  2.26 2.20(┴)  
2.33(׀ ׀) 
2.21 Br-Pt-N/Xtrans 179.5   177.0 
C1-C2  1.38 1.40(┴) 
1.37(׀ ׀) 
1.39 N/X-Pt-N/X 95.2 178.8 180.0 95.6 
aX is the center of gravity of the C-C bond.   
 
 
 
   
 VI VII VII’ VIII 
 
 
Figure S5. Packing diagram of compound 6.  
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δ/ppm 3.504.004.505.005.506.00
*
(a)
(b)
(c)
(d)
(e)
(f)
 
 
Figure S6.  1H NMR spectra (olefin and NH2-region) in CD2Cl2 at 298K of 4 in the presence of: 0 (a), 
0.16 (b), 0.36 (c) and 0.74 (d) equiv of nBu4PBr. For comparison, the spectra of 2 (e) and 
free aniline (f) are also shown. [4] = [2] = [PhNH2] = 0.046 M. The asterisk marks the 
solvent peak. 
 
δ/ppm4.505.00  
 
Figure S7. 1H NMR spectra in THF-d8 (C2H4 region) of 4 in the presence of 0.6 equiv nBu4PBr at 250 
(below), 200 and 180K (above); [4] = 0.04 M. 
 
δ/ppm 4.05.06.07.0
*
(a)
(b)
(c)
 
Figure S8.  1H NMR spectra in THF-d8 at 298K of: 4 (a); 4 + aniline (1 equiv) (b), 
aniline (c). The asterisk marks the solvent peak.  
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ANNEXE 2 
 
SUPPORTING MATERIAL FOR CHAPTER 3 
 
Comparison of optimized geometries and frequencies for free ions and ion pairs 
 
1. [PtBr4]2- (I) and (PMe4)2[PtBr4] ((TMP)2I). 
2. [Pt2Br6]2- (I’) and (PMe4)2[Pt2Br6] ((TMP)2I’) 
3. [PtBr3(C2H4)]- (II) and (nMe4P)[PtBr3(C2H4)] ((TMP)II) 
4. [PtBr3(PhNH2)]- (III) and (nMe4P)[PtBr3(PhNH2)] ((TMP)III) 
 
Table 1S. Relative energies (in kcal/mol) at 25°C and 150°C in aniline solution for the free ion models. 
Table 2S. Relative energies (in kcal/mol) at 25°C and 150°C in aniline solution for ion pair models. 
 
Comparison of optimized geometries and frequencies for free ions and ion pairs 
 
1. [PtBr4]2- (I) and (PMe4)2[PtBr4] ((TMP)2I). 
 
Distances: 
2.802.802.
82
2.822.77
2.72
2.51
2.51
2.51
2.50
2.53
2.53
2.53
2.53
 
 
 
Calculated wavenumbers (cm-1) and assignments: 
 
 
[PtBr4]2- (PMe4)2[PtBr4]* 
Calcd freq. cm-
1 
Assignment, 
PED 
Calcd freq. cm-
1 
Assignment 
    
192 (1Eu) 94% ν + 6% δ 210, 211 ν + δ + δ (P-CH3) 
176 (A1g) ν 188 ν(A1g) + tw(CH3) 
159 (B1g) ν 174, 173 ν + tw(CH3) 
97 (A2u) ρ 101, 106, 
107 
ρ + δ+ tw(CH3) 
96 (2Eu) 6% ν + 94% δ 103, 101 ν + δ + cation 
vibr. 
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93 (B2g) δ c c 
43 (B2u) ρ c c 
*Only frequencies associated with Pt-Br vibrations are reported. ν = 
stretching,  δ = deformation (scissoring), tw = twisting, c = analyse is 
complicated to to extensive vibrational coupling. 
 
 
2. [Pt2Br6]2- (I’) and (PMe4)2[Pt2Br6] ((TMP)2I’). 
 
Distances (Å): 
2.80
2.97
2.
77
2.7
2 2.932.
882.
87
2.
73
2.48
2.52
2.47
2.52
2.53
2.46
2.46
2.53
2.52 2.52
2.522.52
2.49
2.49
2.49
2.49
 
Calculated wavenumbers (cm-1) and intensities: 
 
[Pt2Br6]2- (PMe4)2[Pt2Br6] 
ν I ν I ν I ν I ν I 
18 2 1 4 185 0 833 0 1483 18 
33 0 13 4 194 0 839 0 1484 14 
50 0 17 10 197 0 975 0 1494 22 
64 0 25 1 203 0 977 0 1495 23 
68 0 27 0 216 11 978 1 1496 17 
86 0 33 6 221 27 979 0 1498 14 
86 0 39 1 224 9 1011 133 3045 38 
91 0 48 0 225 7 1014 121 3048 57 
102 0 54 1 226 2 1017 47 3051 5 
107 0 58 2 229 6 1018 25 3054 174 
172 0 66 0 230 3 1019 41 3062 2 
173 2 71 9 231 3 1020 42 3062 25 
189 3 73 2 266 1 1362 7 3064 28 
192 0 79 14 268 0 1364 10 3067 2 
207 0 83 1 269 2 1367 10 3132 44 
211 77 86 2 270 1 1369 8 3133 35 
213 0 89 2 272 1 1373 13 3137 15 
218 31 90 11 274 2 1375 11 3139 109 
  90 0 616 0 1395 13 3147 2 
  98 0 616 0 1398 5 3148 1 
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  107 0 746 12 1459 3 3149 1 
  112 1 750 14 1459 1 3150 0 
  135 0 762 4 1462 1 3151 9 
  141 0 763 4 1462 1 3151 25 
  161 0 763 4 1466 5 3151 0 
  163 0 765 4 1468 0 3152 2 
  165 0 825 0 1473 4 3155 1 
  171 0 825 1 1476 2 3156 8 
  178 0 831 1 1477 8 3159 24 
  184 3 832 0 1478 1 3159 1 
3. [PtBr3(C2H4)]- (II) and (nMe4P)[PtBr3(C2H4)] ((TMP)II). 
 
Distances (Å): 
 
 
 
Calculated wavenumbers (cm-1) and assignments: 
 
[PtBr3(C2H4)]- (nMe4P)[PtBr3(C2H4)] 
Calcd freq. cm-
1 
Assignment, PED Calcd freq. cm-
1 
Assignment 
214 0% νax 
+ 86% νeq(as) 
222 νeq(as)  + Pt(C2H4)-def. + cation 
vibr. 
208 86% νax 
+ 10% νeq(s) 
202 νax + cation vibr. 
180 11% νax 
+ 89% νeq(s) 
183 νeq(s) + νax + Ph-ring + cation vibr. 
 
4. [PtBr3(PhNH2)]- (III) and (nMe4P)[PtBr3(PhNH2)] ((TMP)III). 
 
Distances (Å): 
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Calculated wavenumbers (cm-1) and assignments: 
 
[PtBr3(PhNH2)]- (nMe4P)[PtBr3(PhNH2)] 
Calcd freq. cm-
1 
Assignment, PED Calcd freq. cm-
1 
Assignment 
224 89% νax + 0% νeq(s) 217 νax + cation vibr. 
208 0% νax 
+ 95% νeq(as) 
216 νeq(as) + NH2-rock. + cation 
vibr. 
178 3% νax + 85% νeq(s) 183 νeq(s) + νax + Ph-ring + cation 
vibr. 
 
 
Table 1S. Relative energies (in kcal/mol) at 25°C and 150°C in aniline solution for the free ion models. 
 
 
aIn each cell, values before the slash refer to 25°C, after the slash to 150°C. 
 
System ∆(Egas + ∆Gsolv) ∆(Gvgas + ∆Gsolv) ∆(Ggas + ∆Gsolv) 
[PtBr4]2-, I 0.00/0.00 0.00/0.00 0.00/0.00 
[Pt2Br6]2-, I’ -4.57/-4.19 -7.09/-7.80 -7.09/-7.90 
[PtBr3(C2H4)]-, II -19.78/-21.15 -17.96/-19.66 -14.65/-14.51 
[PtBr3(PhNH2)]-, III -15.35/-16.12 -17.24/-19.36 -10.68/-9.62 
trans-[PtBr2(PhNH2)(C2H4)], IV -21.77/-23.70 -21.28/-25.60 -10.68/-9.66 
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Note that all the relative energies in aniline are found on average 3 kcal/mol lower than in 
dichloromethane for all the ethylene complexes (II, VII’, VII, VIII), 2 kcal/mol lower for complexes 
containing one ethylene and one aniline as ligands (IV, V) and 1 kcal/mol lower for VI containing two 
aniline ligands.  
 
-14.7
-18.0
-7.1-10.7
-8.4
-19.0
-2.9
-17.2-17.3
-5.3
-12.4
1.8
-5.2
-3.2
-10.3
I
II
III
I’
V
VI
VIII
VII’
VII
∆Hgas+T∆Svgas+∆GCPCM
∆Hgas+T∆Sgas+∆GCPCM
25°C in aniline
-21.3
-10.7
∆Egas+∆GCPCM
-4.6
-15.4
-14.4
-19.4
-19.8
-21.8
-15.7
-7.9
-12.8
 
 
cis-[PtBr2(PhNH2)(C2H4)], V -19.36/-21.39 -18.97/-23.32 -8.35/-7.38 
cis-[PtBr2(PhNH2)2], VI -14.41/-15.60 -17.28/-22.37 -2.88/-1.04 
trans-[PtBr2(C2H4)2], VII -12.83/-15.24 -10.28/-13.56 -3.19/-2.61 
trans-[PtBr2(C2H4)2], VII’ -7.90/-10.57 -5.25/-9.19 1.84/1.75 
cis-[PtBr2(C2H4)2], VIII -15.73/-18.42 -12.36/-15.96 -5.28/-5.04 
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-14.5
-19.7
-7.8
-9.6
-7.4
-23.3
-1.0
-19.4
-22.4
-5.0
-16.0
1.8
-9.2
-2.6
-13.6
I
II
III
I’
V
VI
VIII
VII’
VII
-25.6
-9.7
IV
-21.2
-23.7
-18.4
-10.6
-15.2
-4.2
-16.1-15.6
-21.4
∆Hgas+T∆Svgas+∆GCPCM
∆Hgas+T∆Sgas+∆GCPCM
∆Egas+∆GCPCM
150°C in aniline
-7.9
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Table 2S. Relative energies (in kcal/mol) at 25°C and 150°C in aniline solution for ion pair models.  
 
 
 aIn each cell, values before the slash refer to 25°C, after the slash to 150°C. 
 
 Contrary to the free ion model, all the relative values in aniline are now greater than in 
dichloromethane: 1 kcal/mol on average for the ethylene complexes [(TMP)II, VII’, VII, VIII], 1.5 
kcal/mol for complexes containing one ethylene and one aniline as ligands (IV, V) and 2 kcal/mol higher 
for VI containing two aniline ligands.  
 
 
 
  
System ∆(Egas + ∆Gsolv) ∆(Gvgas + ∆Gsolv) ∆(Ggas + ∆Gsolv) 
(PMe4)2[PtBr4]2-, (TMP)2I 0.00/0.00 0.00/0.00 0.00/0.00 
(PMe4)2[Pt2Br6], (TMP)2I’ 15.31/19.17 19.10/26.61 4.03/3.37 
(PMe4)[PtBr3(C2H4)], (TMP)II -6.54/-5.92 -0.75/1.71 -5.84/-5.51 
(PMe4)[PtBr3(PhNH2)], (TMP)III -2.51/-1.0 0.20/2.08 -0.96/0.44 
trans-[PtBr2(PhNH2)(C2H4)], IV -9.21/-8.08 0.36/4.48 -5.71/-4.13 
cis-[PtBr2(PhNH2)(C2H4)], V -6.80/-5.77 2.68/6.75 -3.38/-1.85 
cis-[PtBr2(PhNH2)2], VI -1.86/0.03 4.36/7.70 2.09/4.49 
trans-[PtBr2(C2H4)2], VII -0.27/0.38 11.36/16.51 1.78/2.92 
trans-[PtBr2(C2H4)2], VII’ 4.66/5.05 16.40/20.88 6.81/7.28 
cis-[PtBr2(C2H4)2], VIII -3.17/-2.80 9.29/14.11 -0.31/0.49 
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-6.6
I
II
III
I’
V
VI
VIII
VII’
VII
∆Hgas+T∆Svgas+∆GCPCM
∆Hgas+T∆Sgas+∆GCPCM
25°C in aniline
-9.2
∆Egas+∆GCPCM
-0.8
-5.9
0.4
-5.7
-0.3
11.4
1.8
4.7
16.4
6.8
-3.2
9.3
-0.3
-1.9
4.4
2.1
-6.8
2.7
-3.4
IV
-3.2
1.0
-0.1
19.1
15.3
4.0
 
-5.9
I
II
III
I’
V
VI
VIII
VII’
VII
∆Hgas+T∆Svgas+∆GCPCM
∆Hgas+T∆Sgas+∆GCPCM
150°C in aniline
-8.1
∆Egas+∆GCPCM
-5.5
1.7
4.5
-4.1
0.4
16.5
3.0
5.1
20.9
7.3
-2.8
14.1
0.50.0
7.7
4.5
-5.8
6.8
-1.9
IV
-2.2
3.2
1.6
26.6
19.2
3.4
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ANNEXE 3 
Supporting Material for Chapter 4 
***All the Cartesian Coordinates for all the computed structures can be found on the web (see corresponding journal) 
Comparison of gas-phase and C-PCM optimized geometries and energies. 
Figure S1.  Views of all optimized geometries. 
Table S1.    Energy results for all compounds optimized in this study. 
Figure S2.  Attempts to optimise 5-coordinated Pt-complexes. 
Figure S3.  Different pathways for the aniline addition to coordinated olefin in II and IV.  
Figure S4.  Different pathways for the aniline addition to coordinated olefin in V.  
Figure S5.  Intermolecular anti addition of aniline to coordinated olefin in VII and VIII.  
Structural description of the zwitterionic complexes IX-XIII. 
Scheme S1.  Different geometrical arrangement found for the [Pt-CH2CH2NHPh] moiety. 
Table S2.    Relevant metric parameters for the zwitterionic compounds IX-XIII. 
Formation of PtIV-H intermediates from the zwitterionic complexes X and XI 
Formation of chelated aminoalkyl PtII complexes 
Formation of chelated aminoalkyl PtIV complexes 
Figure S6.  Reaction coordinate for the reductive elimination of PhNHEt from complex XX.  
Figure S7.  Comparison of the reductive eliminations from systems XX and XXXVI, with views of the 
relevant geometries and their relative ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses).  
Intermolecular proton transfer from the zwitterionic anilinium group to carbon.   
Intramolecular proton transfer from the zwitterionic anilinium group to carbon with added aniline 
as proton shuttle. 
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 Comparison of gas-phase and C-PCM optimized geometries and energies. 
 
The geometries and energies obtained in two different approaches: 
1. Optimization of the isolated molecule in the gas phase, followed by C-PCM correction on the 
gas-phase frozen geometry; 
2. Optimization in the presence of the C-PCM 
were compared for two different molecules containing a weak H-bond: 
 
A. The aniline dimer, PhNH2···PhNH2; 
B. The aniline adduct of the zwitterionic complex cis-Pt(-)Br2(C2H4)(CH2CH2N(+)H2Ph) (XIII), 
XIII···PhNH2. 
 
The relevant results are shown in the images below. 
 
A. 
  
Gas phase optimization Solvent phase optimization 
∆GC-PCMrel: 0 kcal/mol -1.99 kcal/mol 
 
B. 
  
Gas phase optimization Solvent phase optimization 
∆GC-PCMrel: 0 kcal/mol -2.02 kcal/mol 
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a. trans-PtBr2(PhNH2)2 complex 
VI’
-10.9 (-9.3)  
 
b. Zwitterionic complexes 
IX
3.5 (5.6)
X
1.4 (4.5)
Xanti
-1.9 (0.7)
XI
1.9 (5.0)
XII
1.8 (4.0)
XIIanti
-2.6 (-0.7)
XIII
-5.7 (-3.4)
XI’
2.9 (6.1)
XIII’
-1.7 (0.7)  
 
c. H-bonded zwitterionic complexes with aniline 
5.6 (10.3)
XIII·PhNH2 (a) XIII·PhNH2 (b)
4.6 (9.3)
 
 
Figure S1.  Views of optimized geometries and ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses) for all systems. 
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d. N-H oxidative addition to stable PtII complexes (II-VIII) 
38.9 (40.7) 34.1 (35.9)
XIV XV
32.6 (34.2) 35.5 (37.6)
XV’ XVI
 
 
e. Bromide loss from XIV-XVI 
27.8 (28.6) 38.1 (39.3) 42.7 (46.0)46.3 (47.1)
XVII XIXXVIII XVIII’
 
 
f. Proton transfer to Pt from zwitterionic complexes: 16-electron PtIV-H products 
2.81 Å
2.59 Å
1.65 Å
XX
9.5 (11.5)
XXI
16.4 (19.4)
XXII
20.2 (24.3)
XXII’
22.2 (25.3)
2.18 Å
 
 
g. 18-electron PtIV-H product derived from XX 
XXIII
18.6 (22.0)
XXIV’
15.2 (17.9)
XXIV
12.7 (15.5)
XXV
9.7 (14.6)
XXV’
8.0 (11.7)
XXV’’
17.3 (21.2)  
 
Figure S1.  (contd.) 
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h. Intramolecular proton transfer to Br: formation of PtII σ-HBr intermediates 
XXVI
21.6 (23.7)
XXVII
30.4 (33.6)
2.
62 2
.08
 
 
i. Deprotonation of the zwitterionic complexes 
XXVIII XXIX XXX XXXI
18.6 (21.3)
12.6 (15.4)
XXXII
22.0 (25.6)17.9 (21.0)29.8 (32.3)
11.2 (15.8)8.1 (13.7)
TS(XIII-XXXII) XXXII·PhNH3+
 
 
j. Formation of chelated aminoalkyl PtII complexes (platina(II)cycles) 
XXXIII
18.4 (19.9)
XXXIV
19.7 (22.8)
XXXIV’
22.4 (25.4)
XXXV’
14.9 (16.9)
XXXV
18.6 (20.4)  
 
Figure S1.  (contd.) 
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k. Formation of chelated aminoalkyl PtIV complexes (platina(IV)cycles)  
 
k1. From the tribromo complex XX 
 
 
k2. From the aniline-dibromo isomers XXI and XXII  
 
 
 k3. By formal HBr oxidative addition to XXXV and XXXV’  
 
 
XLV
17.3 (19.5)
XLV’ XLVI XLVI’
19.4 (21.7) 19.8 (22.2) 19.2 (22.0)
11.0 (14.3)
XLIII
15.4 (20.2)
XLIII’
13.8 (17.1)
XXXVIII
16.3 (19.3)
XXXVIII’ XXXIX XL
XLI XLI’ XLII XLII’
XLIV XLIV’
34.7 (38.0) 14.8 (18.7)
42.3 (45.6)43.6 (46.6)
16.8 (20.3)18.5 (21.8)
17.0 (19.7)15.0 (18.2)
XXXVI
9.4 (11.6)
XXXVI’
12.6 (15.2)
XXXVII XXXVII’
10.3 (12.8)36.5 (38.8)
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Figure S1.  (contd.) 
l. 5-coordinate platina(IV)cycles by ligand loss from XXXVI, XLIII, and XXXVIII   
15.1 (16.5) 41.3 (43.9) 35.6 (38.2)
XLVII XLVIII IL
 
 
m. Reductive elimination of PhNHEt from XX 
TS(XX-L)
19.4 (21.1)
L
7.9 (9.3)
LI
-13.3 (-11.0)
1.57
1.57
2.21
 
 
n. Reductive eliminations from other PtIV-H intermediates 
32.2 (34.1) 23.4 (26.3)28.3 (32.1)
1.56
1.59
2.20
TS(XXV) TS(XXV ’) TS(XXXVI)
 
 
o. Intermolecular proton transfer from the zwitterionic anilinium group to carbon  
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3.04
2.84
2.23
1.67
1.62
1.99
2.59
2.22
1.91
2.2
9
3.05
2.85
25.8 (29.9)
[32.8]
LII TS(LII-LIII) LIII·PhNH2
LII’ 34.4
TS(LII’-LIII)
2.20
1.23
2.20
1.44
2.62
[18.8 (21.3)]
15.4 (17.4)
24.5 (28.0)
[17.4 (19.3)]
-7.2 (-2.2)
V·PhNHEt
[-14.3 (-10.9)]
LIII
[27.3]
39.9
LIII’·PhNH2
 
 
Figure S1.  (contd.) 
34.0
[27.0]
TS(LIV-LV)
1.64
1.88
2.18
1.51 2.32
1.67
2.45
1.76
LIV LV
28.4 (31.2)
[21.4 (24.0]  
p. Intramolecular proton transfer from the zwitterionic anilinium group to carbon assisted by 
aniline  
12.6 (15.3)
[5.5 (8.8)]
LVI TS(LVI-LVII) LVII
37.6 (39.5)
[30.1 (31.9)]
2.27
1.75
1.06
1.322.3
1
2.19
1.25
30.1 (34.3)
[23.1 (25.6)]  
 
Figure S1.  (contd.) 
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Table S1.    Energy results for all compounds optimized in this study. 
 
E(gas) 
(hartrees) 
∆Egas 
(kcal/mol) 
G(gas)298 
(hartrees) 
G(gas)423 
(hartrees) 
∆G(solv)298
(kcal/mol) 
∆G(solv)423
(kcal/mol) 
∆GCPCM,298 
(kcal/mol) 
∆GCPCM423 
(kcal/mol) 
small molecules         
C2H4 -78.591691  -78.561465 -78.572296 7.5 13.2   
C6H5NH2 -287.610669  -287.522715 -287.538839 2.0 11.0   
C6H5NH3+ -287.957097  -287.854428 -287.870219 -48.5 -39.4   
Br- -2571.496799  -2571.512974 -2571.520929 -52.4 -48.4   
aniline…aniline -575.227504  -575.037251 -575.064621 6.0 22.4   
         
Simple Pt complexes         
[PtBr4]2-, I 
-
10405.053698 0.0 
-
10405.089588
-
10405.110844 -133.7 -122.1 0.0 0.0 
[PtBr3(C2H4)]-, II -7912.253541 -65.9 -7912.234835 -7912.256582 -27.6 -15.7 -14.6 -14.5 
[PtBr3(C6H5NH2)]-, III -8121.265677 -61.6 -8121.189991 -8121.216491 -33.0 -17.2 -10.7 -9.6 
trans-[PtBr2(C2H4)(C6H5NH2)], IV -5628.340469 -49.0 -5628.208153 -5628.235760 8.0 24.2 -10.7 -9.7 
cis-[PtBr2(C2H4)(C6H5NH2)], V -5628.329508 -42.1 -5628.197340 -5628.224833 3.5 19.7 -8.4 -7.4 
trans-[PtBr2(C6H5NH2)2], VI* -5837.364882 -52.4 -5837.173352 -5837.206074 4.7 24.8 -10.9 -9.2 
trans-[PtBr2(C2H4)2], VII -5419.303111 -37.4 -5419.230821 -5419.253073 10.8 23.4 -3.2 -2.6 
cis-[PtBr2(C2H4)2], VIII -5419.300633 -35.9 -5419.227055 -5419.249401 6.4 18.7 -5.3 -5.0 
         
Pt zwitterions         
[PtBr3(CH2CH2NH2Ph)]-, IX -8199.841449 -51.6 -8199.713776 -8199.743692 -34.9 -17.1 3.5 5.6 
[PtBr3(C2H4)]- + PhNH2, TS(II-IX) anti -8199.823940 -40.6 -8199.696430 -8199.726146 -38.2 -20.0 11.1 13.7 
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trans-[PtBr2(CH2CH2NH2Ph)(PhNH2)], X -5915.951868 -49.4 -5915.708167 -5915.743992 7.8 30.2 1.4 4.4 
trans-[PtBr2(CH2CH2NH2Ph)(PhNH2)], 
Xanti -5915.931298 -36.5 -5915.689732 -5915.726698 -7.0 15.6 -1.8 0.7 
trans-[PtBr2(C2H4)(C6H5NH2)] + PhNH2, 
TS(IV-Xanti) anti -5915.935633 -39.2 -5915.695001 -5915.730528 6.3 29.0 8.1 11.7 
cis-[PtBr2(CH2CH2NH2Ph)(PhNH2)], XI -5915.935291 -39.0 -5915.690916 -5915.726425 -2.5 19.6 1.9 5.0 
cis-[PtBr2(CH2CH2NH2Ph)(PhNH2)], XI’ -5915.933742 -38.0 -5915.689384 -5915.724833 -2.5 19.8 2.8 6.1 
cis-[PtBr2(C2H4)(C6H5NH2)], TS(V-XI) anti -5915.913164 -25.1 -5915.671154 -5915.706270 -2.9 19.7 13.9 17.7 
trans-[PtBr2(C2H4)2], XII -5706.925020 -44.5 -5706.740381 -5706.771310 9.6 28.1 1.8 4.0 
trans-[PtBr2(C2H4)2], XIIanti -5706.907672 -33.6 -5706.724816 -5706.756523 -4.6 14.2 -2.6 -0.7 
[PtBr2(C2H4)(CH2CH2NH2Ph)], TS(VII-
XIIanti) -5706.907510 -33.5 -5706.728589 -5706.760528 8.0 26.9 7.6 9.5 
cis-[PtBr2(C2H4)2] + PhNH2, XIII -5706.920246 -41.5 -5706.734922 -5706.765356 -1.3 17.0 -5.7 -3.4 
cis-[PtBr2(C2H4)2] + PhNH2, XIII’ -5706.919610 -41.1 -5706.733517 -5706.763806 1.8 20.1 -1.7 0.7 
[PtBr2(C2H4)(CH2CH2NH2Ph)], TS(VIII-
XIII) -5706.898995 -28.1 -5706.717989 -5706.749184 2.7 21.4 8.9 11.2 
        
Pt...aniline adducts         
cis-
[PtBr2(C2H4)(C2H4NH2C6H5)…NH2C6H5], 
XIII·PhNH2 (a) -5994.550328 -53.7 -5994.256667 -5994.296120 10.4 35.6 4.6 9.3 
cis-
[PtBr2(C2H4)(C2H4NH2C6H5)…NH2C6H5], 
XIII·PhNH2 (b) -5994.548187 -52.3 -5994.255397 -5994.295195 10.6 36.0 5.6 10.3 
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N-H activation complexes         
[PtHBr4(NHPh)]2-, XIV 
-
10692.642830 13.5 
-
10692.574862
-
10692.604793 -116.2 -98.5 38.9 40.7 
[PtH(C2H4)Br3(NHPh)]2-, XV -8199.808599 -31.0 -8199.683695 -8199.713562 -23.2 -5.6 34.8 35.9 
[PtH(C2H4)Br3(NHPh)]2-, XV’ -8199.814058 -34.4 -8199.691914 -8199.719021 -19.5 -1.6 32.6 36.6 
[PtH(C2H4)Br3(NHPh)]2-, XVI -8199.802308 -27.0 -8199.677684 -8199.707271 -25.6 -7.9 35.5 37.6 
[PtHBr3(NHPh)]-, XVII -8121.216016 -30.4 -8121.145201 -8121.172641 -22.6 -6.5 27.8 28.6 
[PtH(C2H4)Br2(NHPh)], XVIII -5628.264662 -1.4 -5628.137703 -5628.165300 12.5 29.0 38.1 39.3 
[PtH(C2H4)Br2(NHPh)], XVIII’ -5628.249113 8.4 -5628.124694 -5628.153386 12.6 29.3 46.3 47.1 
[PtH(C2H4)Br2(NHPh)], XIX -5628.249722 8.0 -5628.122917 -5628.147113 7.9 24.3 42.7 46.0 
         
Pt-hydrides (5-coordinate)         
[PtHBr3(CH2CH2NHPh)]-, XX -8199.849784 -56.8 -8199.724531 -8199.754966 -22.2 -4.1 9.5 11.5 
[PtBr3H(CH2CH2NHPh)]-, TS(IX-XX) -8199.839483 -50.3 -8199.714252 -8199.743585 -29.5 -11.5 8.7 11.2 
trans-[PtHBr2(CH2CH2NHPh)(PhNH2)], 
XXI -5915.926622 -33.6 -5915.687950 -5915.724095 10.2 32.6 16.4 19.4 
cis-[PtHBr2(CH2CH2NHPh)(PhNH2)], XXII -5915.919916 -29.4 -5915.676647 -5915.710321 6.8 28.9 20.2 24.3 
cis-[PtHBr2(CH2CH2NHPh)(PhNH2)], XXII' -5915.916526 -27.2 -5915.674952 -5915.709956 7.8 29.7 22.2 25.3 
         
Pt-hydrides (6-coordinate)         
[PtHBr4(CH2CH2NHPh)]2-, XXIII 
-
10771.284857 -18.1 
-
10771.162622
-
10771.195521 -112.5 -92.4 18.6 22.0 
[PtHBr3(CH2CH2NHPh)(C2H4)]- (H trans to -8278.454234 -64.8 -8278.277419 -8278.311056 -16.9 3.0 12.6 15.5 
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C2H4), XXIV 
[PtHBr3(CH2CH2NHPh)(C2H4)]- (H trans to 
C2H4, perp., XXIV’ -8278.449105 -61.6 -8278.273544 -8278.307669 -16.8 3.2 15.2 17.8 
[PtHBr3(CH2CH2NHPh)(PhNH2)]- (H trans 
to PhNH2), XXV -8487.490672 -75.8 -8487.252790 -8487.290029 -16.4 7.6 9.7 14.6 
[PtHBr3(CH2CH2NHPh)(PhNH2)]- (H trans 
to Br-), XXV’ -8487.488780 -74.6 -8487.253124 -8487.291824 -17.9 5.9 8.0 11.7 
[PtHBr3(CH2CH2NHPh)(PhNH2)]- (H trans 
to Br-), XXV’’ -8487.468452 -61.8 -8487.230198 -8487.267910 -23.0 0.4 17.3 21.2 
         
σ-HBr complexes          
[PtBr(σ-HBr)(CH2CH2NHPh)(C2H4)], XXVI -5706.894136 -25.1 -5706.717420 -5706.749080 15.0 33.8 21.6 23.6 
[PtBr(σ-HBr)(CH2CH2NHPh)(PhNH2)], 
XXVII -5915.907910 -21.8 -5915.669787 -5915.705545 12.8 35.1 30.4 33.6 
         
Deprotonated zwitterions         
[PtBr3(CH2CH2NHPh)]-2, XVIII -8199.242970 106.6 -8199.127845 -8199.158135 -117.6 -99.5 29.8 32.3 
[PtBr2(CH2CH2NHPh)(PhNH2)]- 
trans(N,N), XXIX -5915.449898 48.2 -5915.222974 -5915.259700 -21.4 1.1 17.9 21.0 
[PtBr2(CH2CH2NHPh)(PhNH2)]- cis(N,N), 
XXX -5915.442013 53.1 -5915.212956 -5915.248702 -23.6 -1.2 22.0 25.6 
[PtBr2(CH2CH2NHPh)(C2H4)]- (Br trans to 
C), XXXI -5706.432262 47.4 -5706.261716 -5706.292338 -15.3 3.2 18.6 21.3 
[PtBr2(CH2CH2NHPh)(C2H4)]- (Br trans to -5706.434347 46.0 -5706.262718 -5706.292937 -20.7 -2.4 12.6 15.4 
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C), XXXII 
         
Proton transfer         
TS (XIII-XXXII) -5994.527574 -39.4 -5994.247739 -5994.277814 8.3 28.5 8.1 13.7 
cis-[PtBr2(CH2CH2NHPh)(PhNH3)], 
XXXII·PhNH3+ -5994.540600 -47.6 -5994.246390 -5994.285252 10.6 35.2 11.2 15.8 
         
PtIIazacyclobutane derivatives         
[PtBr2(CH2CH2NHPh)]-, XXXIII -5627.798767 73.6 -5627.678412 -5627.705449 -36.8 -20.7 18.4 19.9 
PtBr(CH2CH2NHPh)(PhNH2), XXXIV -3343.902048 80.2 -3343.666929 -3343.699333 8.5 29.1 22.4 25.4 
PtBr(CH2CH2NHPh)(PhNH2), XXXIV' -3343.902468 80.8 -3343.665744 -3343.697667 5.0 25.6 19.7 22.8 
[PtBr2(CH2CH2NHPh)(C2H4)]-, XXXV -3134.876271 84.5 -3134.700401 -3134.727786 6.8 23.3 18.6 20.4 
[PtBr2(CH2CH2NHPh)(C2H4)]- , XXXV' -3134.881820 81.0 -3134.705359 -3134.732672 6.2 22.9 14.9 16.9 
         
PtIVazacyclobutane derivatives (coord. VI)         
[PtHBr3(CH2CH2NHPh)]-, XXXVI -8199.838468 -49.7 -8199.711708 -8199.741744 -30.3 -12.3 9.4 11.6 
[PtHBr3(CH2CH2NHPh)]-, XXXVI' -8199.831377 -45.2 -8199.702034 -8199.731125 -33.2 -15.3 12.6 15.2 
[PtHBr3(CH2CH2NHPh)]-, XXXVIII -8199.804139 -28.2 -8199.676176 -8199.705226 -25.6 -8.0 36.4 38.8 
[PtHBr3(CH2CH2NHPh)]-, XXXVII' -8199.848614 -56.1 -8199.720123 -8199.749420 -24.2 -6.2 10.3 12.8 
         
[PtHBr2(CH2CH2NHPh)(PhNH2)], XXXVIII -5915.935584 -39.2 -5915.691809 -5915.726347 9.9 31.8 13.8 17.1 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XXXVIII' -5915.927364 -34.0 -5915.684356 -5915.719140 7.8 29.4 16.3 19.3 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XXXIX -5915.902038 -18.1 -5915.657946 -5915.692086 9.6 31.1 34.7 38.0 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XL -5915.943538 -44.2 -5915.698533 -5915.732560 15.1 37.2 14.8 18.7 
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[PtHBr2(CH2CH2NHPh)(PhNH2)], XLI -5915.881671 -5.4 -5915.637380 -5915.671224 5.6 26.6 43.6 46.6 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLI' -5915.883688 -6.6 -5915.638931 -5915.672659 5.7 26.6 42.7 45.7 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLII -5915.929388 -35.3 -5915.686966 -5915.721934 8.1 30.1 15.0 18.2 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLII' -5915.919646 -29.2 -5915.675586 -5915.709911 3.0 24.0 17.0 19.7 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLIII -5915.933630 -38.0 -5915.690237 -5915.725138 6.2 28.2 11.0 14.3 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLIII' -5915.929361 -35.3 -5915.682919 -5915.716024 6.0 28.3 15.4 20.2 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLIV -5915.923402 -31.6 -5915.679079 -5915.713349 6.6 28.2 18.4 21.8 
[PtHBr2(CH2CH2NHPh)(PhNH2)], XLIV' -5915.928818 -35.0 -5915.684461 -5915.718630 8.3 30.1 16.8 20.3 
         
[PtHBr3(CH2CH2NHPh)(C2H4)]-, XLV -5706.897672 -27.3 -5706.714338 -5706.744433 8.7 26.7 17.3 19.5 
[PtHBr3(CH2CH2NHPh)(C2H4)]-, XLV' -5706.890638 -22.9 -5706.706225 -5706.735931 5.8 23.6 19.4 21.7 
[PtHBr3(CH2CH2NHPh)(C2H4)]-, XLVI -5706.886714 -20.4 -5706.701104 -5706.730415 2.9 20.6 19.8 22.2 
[PtHBr3(CH2CH2NHPh)(C2H4)]-, XLVI' -5706.893620 -24.8 -5706.708830 -5706.738443 7.2 25.5 19.2 22.0 
         
PtIVazacyclobutane derivatives (5-coord.)         
[PtHBr2(CH2CH2NHPh)], XLVII -5628.289597 -17.0 -5628.157886 -5628.184789 2.2 18.4 15.1 16.5 
[PtHBr(CH2CH2NHPh)(PhNH2)]+, XLVIII -3344.246871 81.2 -3344.001905 -3344.034231 -21.2 -0.5 41.3 43.9 
[PtHBr(CH2CH2NHPh)(PhNH2)]+, IL -3344.250014 79.3 -3344.004108 -3344.036506 -25.4 -4.8 35.6 38.1 
         
Hydroamination         
[PtHBr3(CH2CH2NHPh)]-, TS(XX-L) -8199.835563 -47.9 -8199.712556 -8199.743030 -20.0 -2.0 19.1 21.1 
[PtBr3(H-CH2CH2NHPh)]-, L -8199.854272 -59.6 -8199.730659 -8199.762634 -19.9 -1.4 7.9 9.3 
[PtBr3(C6H5EtNH)]-, LI -8199.884465 -78.6 -8199.754556 -8199.784742 -26.1 -7.9 -13.3 -11.0 
[PtBr3(H-CH2CH2NHPh)(PhNH2)]- , TS -8487.449690 -50.0 -8487.214783 -8487.449690 -17.8 2.7 32.2 34.1 
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(XXV) 
[PtBr3(H-CH2CH2NHPh)(PhNH2)]- , TS 
(XXV’) -8487.460639 -56.9 -8487.234948 -8487.276350 -9.0 16.5 28.3 32.0 
[PtBr3H(CH2CH2NHPh)]-, TS(XXXVI) -8199.822164 -39.5 -8199.696673 -8199.726494 -25.6 -7.2 23.6 26.3 
         
Supporting material         
TS (XXXII-A) (a) -5994.496442 -19.8 -5994.209545 -5994.249010 16.1 38.2 39.9 41.4 
TS (XXXII-A) (b) -5994.490737 -16.3 -5994.203120 -5994.490737 6.6 25.9 34.4 36.3 
A·PhNH2 (a) -5994.520749 -35.1 -5994.237191 -5994.278435 19.4 45.1 25.8 29.9 
A·PhNH2 (b) -5994.518738 -33.8 -5994.234251 -5994.276424 16.2 41.91 24.5 28.0 
A -5706.902572 -30.4 -5706.723168 -5706.755184 12.4 31.4 15.4 17.4 
B -5994.577652 -70.8 -5994.284778 -5994.324544 16.2 41.9 -7.2 -2.2 
TS (XXIX-C) -6203.534773 -32.0 -6203.188198 -6203.534773 15.7 34.0  
C·PhNH2 -6203.547994 -40.3 -6203.202988 -6203.547994 19.4 28.4  
D -6203.565271 -51.1 -6203.213828 -6203.258589 10.3 12.6  
TS(D-E) -6203.534566 -31.9 -6203.187219 -6203.534566 18.7  37.6  
E -6203.546149 -39.1 -6203.201389 -6203.248228 20.1 49.2 30.1 34.3 
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input output
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Figure S2.  Attempts to optimise 5-coordinated Pt-complexes. 
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Figure S3.  Different pathways for the aniline addition to coordinated olefin in II and IV. 
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Figure S4.  Different pathways for the aniline addition to coordinated olefin in V. 
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Figure S5.  Intermolecular anti addition of aniline to coordinated olefin in VII and VIII. 
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Structural description of the zwitterionic complexes IX-XIII. 
 
The four types of structures observed in this study are summarized in the schematic drawings A-D 
in Scheme S1. The H···Pt interaction always brings about a secondary, sometimes weak, H···Br interaction 
in B, whereas the H···Br interaction in C and D, differing only in the stereochemistry at the N atom, does 
not entail any secondary H···Pt interaction. Thus, II led to product IX of type B (H···Pt = 1.97 Å; ∠N-
H···Pt = 139.9°) where the H···Br interaction is very weak (H···Br = 2.89 Å; ∠N-H···Br = 114.8°), 
whereas system IV led to X, also of type B but with a less marked difference between the two interactions 
(H···Pt = 2.31 Å; ∠N-H···Pt = 125.6°; H···Br = 2.74 Å; ∠N-H···Br = 121.3°). A more stable structure of 
type A, labelled Xanti, could also be optimized for the zwitterions obtained from IV when a geometry 
with an anti arrangement of the Pt-CH2-CH2-NH2Ph moiety was used as input. The lower energy of Xanti 
relative to X suggests that the H-bond stabilization is not sufficient to compensate for the greater 
intramolecular repulsion of the less favourable conformation around the C-C bond. 
 
Pt CH2
H2C NH2Ph
A
Pt C
H2
CH2
NPh
Br
B
H
D
Pt
C
H2
CH2
NPh
Br
H
H
C Pt
C
H2
CH2
NPh
Br
H
H
H
 
Scheme S1.  Different geometrical arrangement found for the [Pt-CH2CH2NHPh] moiety. 
 
On the other hand, system V led to a zwitterion XI of type C. An isomer of type D was found at 
slightly higher energy. System VII led to XII of type B but a lower-energy isomer of type A, labelled 
XIIanti was again accessible, while VIII led to XIII of type D with a higher energy isomer of type B but 
very close to C (stronger H···Br and weaker H···Pt interaction). Construction of input of type A did not 
yield stable local minima for the other zwitterionic products and no other minima could be obtained. For 
instance, a type C or D input geometry for IX or X reverted back to the B minimum, whereas a type B 
input geometry for XI reverted back to the C minimum and a type A input geometry for IX reverted back 
to the starting compounds.  
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Table S2.    Relevant metric parameters for the zwitterionic compounds IX-XIII. 
complex type Pt···N, Å H···Pt, Å N-H···Pt, º Br···N, Å H···Br, Å N-H···Br, º Pt-C-C-N, 
º 
IX B 2.92 1.97 139.9 3.44 2.89 114.8 34.6 
X B 3.04 2.31 125.6 3.40 2.74 121.3 39.7 
Xanti A       178.4 
XI C    3.13 2.15 153.0 44.6 
XI’ D    3.15 2.10 166.3 69.7 
XII B 3.10 2.54 113.7 3.31 2.49 134.6 39.6 
XIIanti A       178.1 
XIII D    3.14 2.09 166.9 76.5 
XIII’ B 3.19 2.81 102.2 3.15 2.22 147.4 35.2 
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Formation of PtIV-H intermediates from the zwitterionic complexes X and XI 
 
Starting from X, moving the proton from N-H···Pt to N···H-Pt followed by optimization leads again to the 
X minimum. However, moving the PhNH2 ligand trans to the hydride ligand led to a new PtIV-H system, 
XXI. The residual N-H bond in this system also establishes a new H···Br interaction, although weaker 
than in XX (H···Br = 2.81 Å). Transferring a proton to Pt in XI yielded XXII without any additional 
ligand rearrangement, though at a much higher ∆GCPCM (20.2 kcal mol-1, vs. 1.9 kcal mol-1 for the XI 
precursor). Note the presence of a Pt-H···N interaction (H···N = 1.65 Å) in XXII and its absence in XX 
and XXI. This indicates residual acidic character (δ+ polarization) for the hydrido ligand in XXII. Trying 
to force a Pt-H···N interaction for XX and XXI did not lead to new local minima. Moving a Br- ligand in 
XXII from trans relative to CH2CH2NHPh to trans relative to H also did not yield a stable minimum (the 
geometry reverted back to XXII). A new minimum (XXII’), though at higher ∆GCPCM, was obtained by 
moving the H bond from Pt-H···N to N-H···N. All attempts to transfer the ammonium proton to the Pt 
atom in complexes XII and XIII’ were unsuccessful, leading back to the zwitterionic precursor during the 
optimization. 
 
Formation of chelated aminoalkyl PtII complexes  
Starting from the tribromo species XXVIII, only one anionic dibromo complex, XXXIII, can be obtained.  
For the two isomeric aniline-dibromido complexes XXIX and XXX, the trans isomer leads to a 
monobromido species with the PhNH2 ligand trans to the C atom and the Br ligand trans to the N atom 
(XXXIV), whereas the cis isomer affords the steroisomer where the PhNH2 and Br ligands have 
exchanged position (XXXIV’). Analogously, the two isomeric ethylene-dibromido complexes XXXI and 
XXXII lead to the two isomeric complexes XXXV and XXXV’, respectively.   
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Formation of chelated aminoalkyl PtIV complexes 
 
The tribromo complex XX (Figure S1 f) leads to an anionic complex of formula [PtHBr3(κ2:C,N-
CH2CH2NHPh)]-, for which four stereoisomers can be conceived. These are shown in Figure S1 k1. Two 
of these are fac-PtBr3 isomers, differing for the placement of the trans H and Br ligands relative to the 
NHPh substituents (XXXVI and XXXVI’). The other two display a mer-PtBr3 geometry, with either H 
trans to the alkyl chain, XXXVII, or trans to the NHPh group, XXXVII’. Starting from the aniline-
dibromo isomers XXI and XXII (or alternative by HBr oxidative addition to XXXIV or XXXIV’) the 
isomeric neutral dibromo species [PtHBr2(PhNH2)(κ2:C,N-CH2CH2NHPh)], XXXVIII-XLIV, shown in 
Figure S1 k2 may be obtained. Each pair of primed and unprimed isomers are diastereomeric pairs with 
different relative chirality at the metal atom and at the N donor atom that is part of the ring. Finally, 
additional systems may be derived by formal HBr oxidative addition to the ethylene-dibromo isomers 
XXXV and XXXV’ of Figure S1 j.  This led to the diastereomeric pairs XLV/XLV’ and XLVI/XLVI’, 
respectively, shown in Figure S1 k3.  Removal of the Br- ligand trans to H from XXXVI and optimization 
led to neutral [PtHBr2(κ2:C,N-CH2CH2NHPh)] with structure XLVII where a geometry rearrangement 
has transferred the vacant site trans to the alkyl group, Figure S1 l. Analogously, the cationic complex 
[PtHBr(PhNH2)(κ2:C,N-CH2CH2NHPh)]+ with the isomeric structures XLVIII and IL was obtained upon 
removing the Br- trans to H from XXXVIII and XLIII, in these cases without stereochemical 
rearrangement.  
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Figure S6.  Reaction coordinate for the reductive elimination of PhNHEt from complex XX. 
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Figure S7.  Comparison of the reductive eliminations from systems XX and XXXVI, with views of the 
relevant geometries and their relative ∆GCPCM in kcal mol-1 at 298.15 K (and at 423.15 K in 
parentheses). 
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Intermolecular proton transfer from the zwitterionic anilinium group to carbon.   
The pathways starts with the intermolecular deprotonation of the zwitterionic complexes IX-XIII 
by aniline to afford the aminoalkyl complexes XXVIII-XXXII and an anilinium ion. We analyze here the 
intermolecular proton transfer from PhNH3+ to the Pt-bonded C atom of the aminoalkyl ligand.  Complex 
XXXII was chosen for the analysis of pathway (a1) because it has the lowest ∆GCPCM amongst all the 
deprotonated zwitterions XXVIII-XXXII (Figure 10). The second lowest ∆GCPCM derivative (XXIX), 
however, was also used for comparison. Starting from a partially optimized XXXII·PhNH3+ adduct, LII, 
where the C···H distance had been kept fixed at 2.84 Å, shown in Figure S1 o, a scan along the NH···CPt 
coordinate led to the generation of LIII through the transition state TS(LII-LIII) and the adduct 
LIII·PhNH2, also shown in Figure S1 o. The transition state has the expected geometry, with the proton 
midway between the N and C atoms (N···H, 1.99 Å, H···C, 1.67 Å) but also showing a short contact to the 
Pt atom (H···Pt, 1.62 Å) suggesting significant metal assistance, and an imaginary frequency of 832i cm-1 
along the expected motion of the proton from N to C.  Starting from a second isomer LII’ (differing from 
isomer LII by the relative position of the Ph group and a H atom on the aminoalkyl ligand), a related scan 
leads to LIII through the transition state TS(LII’-LIII) and the adduct LIII’·PhNH2. Starting from 
LIII·PhNH2 or LIII’·PhNH2, aniline coordination displaces the σ-bonded PhNHEt product to yield a 
PhNHEt adduct of compound cis-PtBr2(C2H4)(PhNH2), V.  
While the final isomeric adducts LIII·PhNH2 and LIII’·PhNH2 are very similar in geometry and 
energy, the transition states TS(LII-LIII) and TS(LII’-LIII) are significantly different: the former 
features the transferring proton much closer to the Pt atom (1.62 Å) and further away from the N atom 
(1.99 Å) and C atom (1.67 Å) relative to the latter (respectively, 2.20, 1.23 and 1.44 Å).  In other words, 
isomer TS(LII’-LIII) seems more like a direct transfer of the proton from the N to the C atom with little 
metal assistance, whereas isomer TS(LII-LIII) shows a strong metal assistance. However, the energy of 
both transition states is too high to make these two pathways competitive relative to TS(XX-L).   
Starting from a partially optimized XXIX·PhNH3+ adduct, LIV, with the C···H distance kept fixed 
at 2.45 Å, the proton transfer pathway led to LV through transition state TS(LIV-LV), which is 
geometrically similar to TS(LII-LIII), also revealing the metal assistance, and also placed at quite high 
energy. The geometries of these two systems are featured in Figure S1 o. In conclusion, the 
intermolecular protonolysis pathway (1a) of Scheme 5 appears less favorable than the reductive 
elimination via the 5-coordinated PtIV hydride.  
 
Intramolecular proton transfer from the zwitterionic anilinium group to carbon with added 
aniline as proton shuttle.   
The concerted pathway (b2) of Scheme 5 was checked through a scan along the PtC···HN 
coordinate starting from the XIII·PhNH2 (b) (Figure 3) and LVI, the latter being obtained by addition of 
an external aniline molecule to complex XI, see Figure S1 p.  Complex LVI is 7 kcal/mol less stable than 
XIII·PhNH2 (b) on both the ∆GCPCM and ∆GCPCMcor scales, whereas the preference in favor of the latter is 
reduced to 1.2 kcal/mol on the ∆Egas scale.  The ∆Gsolv term is almost equal for both complexes, the 
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difference originating from ∆Gsolv of the free ligands (nearly 0 for PhNH2, ca. 5 kcal mol-1 for C2H2).  
From the geometrical point of view, both complexes seem perfectly set up for a proton transfer through 
this mechanism. The proton transfer from XIII·PhNH2 (b) leads to the final product LIII·PhNH2, already 
shown in Figure S1 o, through a transition state TS(XIII-LIII) which is identical to TS(LII-LIII) already 
discussed above (Figure S1 o). The proton transfer from LVI produces product LVII through TS(LVI-
LVII), shown in Figure S1 p. The geometry of TS(LVI-LVII) is very similar to that of TS(LII’-LIII), 
shown in Figure S1 o, namely with little metal assistance to the proton transfer. The final product LVII is 
the aniline adduct of a σ-complex cis-PtBr2(PhNH2)(κ2:C,H-PhNHEt), isomer of the previously analyzed 
complex LV (Figure S1 o), the latter being slightly more stable.  
The energies of the transition states for these two (b2)-type pathways are quite high. One reason for 
these high barriers may be attributed to the unfavourable entropic component because of the association 
of the additional aniline molecule. However, calculation of the ∆GCPCMcor parameters by taking the H-
bonded dimer aniline···aniline as a reference, as already detailed above in section (a), yields lower but still 
high values for the activation barriers, relative to that of the C-H reductive elimination from XX.  
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ANNEXE 4 
Supporting Material for Chapter 7 
 
 
1. NMR of complex trans-PtBr2(C2H4)(HNEt2), 1 
ppm (t1) 1.02.03.04.05.0
3.003.103.203.303.403.50
1.51.55
*
1.00
4.04
2.01
2.03
6.01
5.505.705.90
 
Figure S1. 1H NMR (500 MHz) of complex 1 in acetone-d6 at 298 K. The starred peak is due to the 
solvent. 
 
5.506.00
ppm(f1) 2.03.04.05.06.0
2.903.003.103.203.303.403.503.60
1.4501.5001.5501.600
 
Figure S2. 1H NMR (300 MHz) of complex 1 in acetone-d6. 
 
NMR spectra in CDCl3: 
1H (300.13 MHz, δ): 4.79 (s+d 1:10:1, 2JH-Pt = 61 Hz, 4H, C2H4), 4.73 (hidden, 1H, NH) 3.42 (m, 2H, 
HNCH2), 3.05 (m, 2H, HNCH2, 4JH-Pt = 62 Hz), 1.57 (t, ∆δ1/2 = 26 Hz, 6H, HN(CH2CH3)2). 
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13C{1H} (75.5 MHz, δ): 71.5 (s+d 1:10:1, 1JC-Pt = 153 Hz, C2H4), 49.8 (s+d 1:10:1, HNCH2, 1JC-Pt = 13 
Hz), 14.8 (s+d 1:10:1, HN(CH2CH3)2, 1JC-Pt = 8 Hz). 
195Pt (64.5 MHz, δ): -3469 (br tr., J = 218 Hz). 
NMR spectra in CD2Cl2: 
1H (300.13 MHz, δ): 4.77 (s+d 1:10:1, 2JH-Pt = 60 Hz, 4H, C2H4), ca. 4.6 (very br., 1H, NH) 3.42 (m, 2H, 
HNCH2), 3.06 (m, 2H, HNCH2, 4JH-Pt = 62 Hz), 1.56 (t, 3JH-H = 7 Hz, 6H, HN(CH2CH3)2). 
13C{1H} (75.5 MHz, δ): 71.3 (s+d 1:10:1, 1JC-Pt = 153 Hz, C2H4), 49.9 (s+d 1:10:1, HNCH2, 1JC-Pt = 13 
Hz), 14.6 (s+d 1:10:1, HN(CH2CH3)2, 1JC-Pt = 8 Hz). 
195Pt (64.5 MHz, δ): -3469 (br tr., J = 218 Hz)  
 
2. NMR of complex cis-PtBr2(C2H4)(HNEt2), 2 
2.1. In DMF-d7: 
1H (300.13 MHz, δ): 4.52 (br, 4H, C2H4). 
13C{1H} (75.5 MHz): δ 68.8 (s+d 1:10:1, 1JC-Pt = 185 Hz, C2H4), 50.0 (s+d 1:10:1, HNCH2, 1JC-Pt = 15 Hz), 
13.5 (s+d 1:10:1, HN(CH2CH3)2, 1JC-Pt = 8 Hz). 
195Pt (64.5 MHz): δ -3045 (br tr, J = 213 Hz between two peaks)  
 
3. NMR of complex trans-Pt(-)Br2(HNEt2)(CH2CH2N(+)HEt2), 4, in acetone-d6. 
 1H NMR (500.33 MHz, acetone-d6, δ): 4.69 ppm (2JH-Pt = 70 Hz, Pt-NHEt2), 3.42 (q, 3JHH = 7 Hz, 4H, -
CH2N(+)H(CH2)2(CH3)2), 3.07 (m, 2H, -Pt-NH(CHH)2-), 2.93 (t, 3JHH = 7 Hz, 2H, Pt-CH2-CH2-, 3JHPt (sat.) 
= 32 Hz), 2.78 (m, 2H, -Pt-NH(CHH)2-), 2.03 (t, 3JHH = 7 Hz, 2H, Pt-CH2-CH2-, 3JHPt (sat.) = 94 Hz), 1.45 
(t, 3JHH = 7 Hz, 6H,  -CH2N(+)H(CH2)2(CH3)2), 1.40 (t, 3JHH = 7 Hz, 6H, -Pt-NH(CH2)2(CH3)2). 
13C{1H} NMR (75.46 MHz, acetone-d6, δ): 59.4 (s, + d (sat) 2JCPt = 36 Hz, Pt-C(β)), -14.7 (s, + d (sat) 
1JCPt = 667 Hz, Pt-C(α)). 
195Pt{1H} NMR (64.2 MHz, acetone-d6, δ): -3548 (br). 
 
δ/ppm 1.2.3.4.5.6.7.8.
2.002.503.003.50
6.507.007.508.008.509.00
(a)
(b)
(c)
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Figure S3.  1H NMR (300 MHz) of a mixture of 1 and increasing amounts of HNEt2 in CD2Cl2 at room 
temperature: (a) starting material; (b) 0.5 equiv; (c) 2 equiv.  
δ/ppm
-3550-3500-3450-3400-3350-3300-3250-3200-3150
(a)
(b)
(c)
(d)
(e)
(f)
 
Figure S4. 195Pt{1H} NMR of the reaction of 1 with an increasing number of equiv of NHEt2 in CD2Cl2: 
(a) 0; (b) ca. 1.5; (c), ca. 2.5; (d) ca. 6; (e) ca. 12; (f) evolution in 12 h from (e). All 
experiments were recorded on the same solution in the same NMR tube (time intervals: ca. 
40 min from a to b and from b to c; ca. 2 h from c to d and from d to e). 
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(a)
(b)
(c)
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Pt-CH
2
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Figure S5.  13C{1H} NMR (75.5 MHz) monitoring of the reaction between 1 and an HNEt2 in CD2Cl2: 
(a) starting compound; (b) with ca. 2 equiv NHEt2, recorded immediately (acquisition time 
ca. 2 h); (c) spectrum of NHEt2 (b). The starred peak is due to the solvent.  
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Figure S6.  IR spectra in the νNH region of 1 (0.03 M) in the presence of an increasing amount of Et2NH: 
0, 0.3, 0.6, 1.0, 1.5, 2.0 equiv. The entire experiment was run withing 3 h. Room temperature, 
CH2Cl2. The spectrum of free Et2NH (0.06 M) is also shown for comparison. 
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Figure S7.  Variable temperature IR spectra in the νNH region of 1 (0.03 M, a) in the presence of 1.1 
equiv. Et2NH taken from 300 (b) to 200 K (c) with 10 K increment.  
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Figure S8.  Dependence of the absorption decrease (∆A) at 3227 cm-1 on the Et2NH mole fraction for the 
amine addition to 1. Mole fraction = c(Et2NH)/{c(1) + c(Et2NH)}. A maximum at 0.5 
indicates a 1:1 reaction stoichiometry. The data points correspond to the spectra in Figure S6. 
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Figure S9.  van’t Hoff plot for the addition of Et2NH to 1. The data points correspond to the spectra 
between 300 and 250 K in Figure S7. 
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Figure S10. IR spectra of complex 1 (0.03 M), Et2NH (0.06 M       ) in CH2Cl2, l = 0.12 cm. Above: 1 in 
the presence of increasing amount of Et2NH (see legend on the figure). Below: 1 in the presence of 1.1 
equiv. Et2NH measured between 300 and 200 K with 10 K increments. Shaded areas are masked by the 
solvent. 
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Figure S11. Room temperature IR spectra of NEt3 (0.6 M; blue line) in the presence of CF3COOD (0.66 
M, ca 50 % D; pink line). CH2Cl2, l = 0.04 cm. 
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Figure S12.  Selected region of the 1H NMR spectra (500.33 MHz) for the reaction of 1 with an 
increasing number of equiv of HNEt2 in acetone-d6 at 298 K: (a) 0 (compound 1); (b) 0.3; 
(c) 0.8; (d) 1; (e) 1.5, (f) 2.5. Spectra (b)-(e) were recorded by subsequent additions to the 
same initial solution at ca. 2 h intervals. Spectra (a) and (f) were recorded immediately on 
fresh solutions. (g) Reference spectrum of HNEt2. The starred peak belongs to the solvent. 
The conversion values shown at left are obtained by integration of the residual C2H4 
resonance in compound 1 (not shown). The minor peaks that slowly appear (spectra c-e), 
for instance triplets at δ 1.87 and 1.77, are due to decomposition, since immediate 
recording of a spectrum with a 2.5-fold excess of NHEt2 (spectrum f) does not show these 
peaks. 
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Figure S13.  195Pt{1H} NMR (64.2 MHz) spectra for the reaction of 1 and HNEt2 in acetone-d6: (a) with 
ca. 2 equiv, recorded immediately; (b) with ca. 5 equiv, recorded immediately; (c) after 3 
days from (b).  
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Figure S14.  High field region of the 13C{1H} NMR (75.5 MHz) spectra in acetone-d6 of compound 1 in 
the presence of variable equiv of HNEt2: (a) ca. 2 equiv, recorded immediately; (b) ca. 6 
equiv, after 3 h; (c) after 3 days from spectrum (b). 
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Figure S15.  Time evolution of an acetone-d6 solution of compound 1 in the presence of 6 equiv of 
HNEt2: (a) 1H NMR (400.1 MHz) spectrum; (b) 13C{1H} NMR (100.6 MHz) spectrum. 
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Figure S16.  Time evolution of an acetone-d6 solution of compound 1 in the presence of 8 equiv of 
HNEt2, after the further addition of 2 equiv of TsOH; (a) 1H NMR (400.1 MHz) spectrum; 
(b) 13C{1H} NMR (100.6 MHz) spectrum. 
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Figure S17. IR spectra in the νNH region of 1 (0.05 M) in the presence of an increasing amount of 
Et2NH: 0, 0.97, 1.92, 4.7, 8.9, 16.5 equiv (thick lines). Room temperature, acetone. Spectra 
of Et2NH at different concentrations (thin lines, concentrations are given on the legend) are 
shown for comparison. 
 
Table S1. Calculated vibrational frequencies (in cm-1) and intensities (in 104 M-1 cm-2) 
 1 4 4’ 4·HNEt2 5 
 freq intens freq intens freq intens freq intens freq intens
ν NH  
(Pt-NHEt2) 3414 0.17 3443 0.13 3442 0.15 3444 0.13 3445 0.22 
ν NH 
(C2H4NHEt2)   3430 0.15 3024 4.92 2884 10.26   
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ANNEXE 5 
Supporting Material for Chapter 9 
 
The 12 vibrational-type (translation and rotations are not included) symmetry-adapted linear 
combinations of atomic displacements for ethylene  
Figure S1. A1-symmetric vibrations of coordinated ethylene in compounds 1Cl, 2 and 3. 
Table S1.  Calculated frequencies (cm-1) for the C2H4 vibrational modes (excluding q1, q2 and q3) in free 
and coordinated C2H4. 
Figure S2.  IR spectrum of compound 4. 
Figure S3.  Seven normal modes of compound 4. 
Table S2.  Calculated (gas phase) frequencies (cm-1) for low-frequency vibrations in compounds 1Cl, 1 
and 5. 
Figure S4.  IR spectra of all complexes. 
Figure S5.  Raman spectra of all complexes. 
Figure S6.  In-plane deformations of the PtCl3 moiety in compound 1Cl. 
Figure S7.  Coupled ν(Pt-N) and δ(Ph-N) modes for compound 5. 
Table S3.  List of calculated frequencies and IR intensities for the normal modes of all compounds
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The 12 vibrational-type (translation and rotations are not included) symmetry-adapted linear 
combinations of atomic displacements for ethylene 
 
(a) stretching modes 
 
νC=C νC-H νC-H νC-H νC-H
Ag B2u B3u B1gAg  
(b) in-plane bending modes 
 
δ δ δδ
Ag B2u B3u B1g  
 
(c) out-of-plane bending modes (wagging) 
 
ρ ρ ρ
B1u B2g Au  
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1Cl: 1557 cm-1 1Cl: 1251 cm-1 1Cl: 1019 cm-1  
2: 1576 cm-1 2: 1284 cm-1 2: 1050 cm-1  
3: 1569 cm-1 3: 1266 cm-1 3: 1037 cm-1  
 
Figure S1. A1-symmetric vibrations of coordinated ethylene in compounds 1Cl, 2 and 3. 
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Table S1.  Calculated frequencies (cm-1)a for the C2H4 vibrational modes (excluding q1, q2 and q3) in free 
and coordinated C2H4.  
modeb C2H4c 1Cl 1 2 3 
νC-H (B2u)  3247 3246 3249 3263 3254 
νC-H (B1g) 3220 3227 3231 3245 3232 
νC-H (Ag) 3164 3152 3155 3167c 3162c 
νC-H (B3u) 3150 3149 3153 3163c 3140c 
δ (B3u) 1489 1477 1473 1486 1487 
δ (B1g) 1244 1237 1236 1240 1234 
δ (B2u) 837 838 832 844 837 
ρ (B2g) 963 1019 1015 1043 1028 
ρ (Au) 1055 987 981 1012 994 
aIR = observed in the IR spectrum; R = observed in the Raman spectrum; the value in parentheses is that 
computed for the DFT optimized geometry. bThe symmetry labels refer to the D2h-symmetric C2H4 
molecule (modes shown in the SI). cVibrationally coupled. 
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Figure S2. IR (a) and Raman (b) spectra of compound 4.  The peak marked with an asterisk is due to 
sample decomposition caused by the laser power.  
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176 cm-1 (A1g) 159 cm-1 (B1g)
97 cm-1 (A2u)
93 cm-1 (B2g)
43 cm-1 (B2u)  
Figure S3. Seven normal modes of compound 4. 
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Table S2. Calculated (gas phase) frequencies (cm-1)a for low-frequency vibrations in compounds 1Cl, 1 
and 5 (except for the ν(Pt-X) that are already reported in the main text). 
1Cl 1 5 Assignment 
211 198  δs(PtC2) 
183 177  PtC2 twist 
  192 δ(Ph-N) 
  143 δ(Pt-N) 
158 106 102 δs(PtX) (A1)  
152 96 89 δas(PtX) (B2) 
130 106 116 ρs(PtX3L)e 
  70 ρs(PtX3L)e/Ph wag 
  47 Ph-NH2 twist 
80 55 36 ρas(PtX3L)e 
  8 Ph-NH2 twist 
aIR = observed in the IR spectrum; R = observed in the Raman spectrum; the value in parentheses is that 
computed for the DFT optimized geometry. bObserved as a shoulder. cn.o. = not observable. 
dIndentification is ambiguous. eL = C2H4 or PhNH2.  
 
 
 
Annexe 4 : Matériel supplémentaire pour le Chapitre 7 
206 
50 150 250 350 450 550
1Cl
1
5
2
3
6
ν/cm-1
 
Figure S4. IR spectra of all complexes.  
1
5
2
3
6
100 200 300 400 500 600
1Cl
ν/cm-1  
Figure S5. Raman spectra of all complexes.  
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δs δas  
Figure S6. In-plane deformations of the PtCl3 moiety in compound 1Cl.  
  
 
 
Figure S7.  Coupled ν(Pt-N) and δ(Ph-N) modes for compound 5: 557 cm-1 (left) and 417 cm-1 (right). 
 
 
Table S3.  List of calculated frequencies and IR intensities for the normal modes of all 
compounds 
 
Compound 1 
freq/cm-1 IR int. 
57 2 
92 1 
103 0 
103 0 
172 0 
178 2 
192 7 
205 12 
212 27 
375 3 
467 1 
745 0 
826 1 
978 0 
1006 6 
1009 4 
1233 0 
1258 3 
1458 8 
1552 2 
3159 6 
3162 3 
3248 0 
3264 4 
 
Compound 1Cl 
freq/cm-1 IR int. 
80 2 
130 2 
152 0 
158 1 
183 0 
211 1 
287 22 
300 89 
309 26 
408 4 
502 2 
771 0 
838 1 
987 0 
1019 2 
1019 8 
1237 0 
1251 13 
1477 5 
1557 2 
3149 14 
3152 9 
3227 0 
3246 9 
 
Compound 2 
freq/cm-1 IR int. 
19 0 
48 1 
49 1 
73 3 
108 3 
117 1 
129 2 
147 1 
185 12 
189 3 
199 1 
233 20 
357 7 
371 6 
411 0 
421 14 
471 5 
547 11 
555 4 
631 0 
696 28 
727 4 
765 22 
771 21 
810 15 
844 1 
845 0 
921 1 
977 0 
1000 0 
1012 0 
1017 0 
1043 4 
1050 8 
1054 9 
1106 6 
1172 163 
1191 4 
1196 2 
1214 5 
1230 4 
1240 0 
1284 1 
1367 0 
1386 0 
1486 9 
1516 5 
1540 41 
1576 1 
1653 25 
1655 4 
1670 49 
3163 1 
3167 1 
3192 0 
3200 7 
3208 13 
3214 6 
3219 11 
3245 0 
3263 1 
3449 21 
3526 25 
 
Compound 3 
freq/cm-1 IR int. 
21 2 
36 0 
44 0 
81 0 
101 0 
124 2 
154 3 
163 1 
194 1 
199 3 
213 15 
237 16 
345 14 
377 5 
418 0 
426 12 
475 3 
555 11 
557 3 
632 0 
705 27 
733 18 
754 10 
776 34 
818 12 
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837 1 
849 0 
924 1 
982 0 
994 1 
1009 0 
1016 1 
1028 6 
1037 5 
1052 7 
1104 8 
1173 152 
1192 22 
1197 16 
1210 7 
1234 1 
1245 2 
1266 5 
1365 1 
1383 0 
1487 7 
1514 7 
1540 36 
1569 3 
1653 9 
1654 20 
1680 31 
3140 12 
3162 2 
3177 8 
3196 0 
3204 10 
3212 8 
3220 12 
3232 2 
3254 2 
3367 72 
3509 22 
 
Compound 4 
freq/cm-1 IR int. 
44 0 
89 0 
93 1 
93 1 
96 0 
158 0 
174 0 
192 35 
192 35 
 
 
Compound 5 
freq/cm-1 IR int. 
8 0 
36 0 
47 0 
70 2 
89 0 
102 1 
116 1 
143 6 
178 0 
192 1 
208 29 
224 19 
362 11 
411 0 
417 20 
548 8 
557 7 
631 1 
699 33 
742 9 
768 39 
816 14 
843 1 
913 2 
968 0 
985 0 
1016 4 
1053 12 
1102 6 
1122 223 
1186 0 
1195 0 
1210 2 
1246 19 
1368 0 
1385 0 
1514 3 
1540 50 
1649 3 
1654 61 
1667 41 
3172 0 
3185 27 
3197 41 
3209 8 
3211 6 
3437 19 
3519 25 
 
 
Compound 6 
freq/cm-1 IR int. 
16 0 
17 3 
31 1 
36 0 
45 1 
58 0 
89 0 
100 0 
127 2 
148 11 
150 1 
193 2 
204 1 
225 19 
233 10 
332 1 
340 28 
419 0 
422 0 
438 1 
442 22 
552 14 
554 0 
561 0 
563 6 
632 0 
632 1 
706 54 
710 0 
733 21 
748 50 
776 72 
778 9 
816 14 
818 4 
848 0 
856 0 
924 3 
929 1 
982 0 
984 0 
1008 0 
1009 0 
1016 0 
1016 0 
1052 8 
1053 7 
1104 7 
1104 9 
1171 134 
1171 138 
1192 9 
1192 5 
1198 15 
1200 32 
1210 7 
1211 7 
1243 4 
1243 1 
1365 2 
1366 1 
1381 1 
1382 0 
1511 6 
1512 5 
1539 44 
1539 32 
1649 2 
1649 7 
1652 32 
1653 20 
1675 52 
1676 0 
3181 15 
3183 2 
3195 2 
3195 0 
3203 18 
3203 12 
3213 5 
3213 14 
3220 13 
3220 5 
3358 35 
3358 130 
3503 13 
3503 3 
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L’hydroamination intermoléculaire des oléfines est toujours un sujet d’actualité. L’objectif de 
notre contribution dans ce domaine était « d’éclairer » le mécanisme de l’hydroamination d’éthylène 
(oléfine non activée) par l’aniline, catalysée par PtBr2/Br-. Sur la base des résultats des études de 
mécanisme, nous avons mis au point un nouveau système catalytique (catalyse dans l’eau) et testé 
l’extension possible de cette chimie vers une amine plus basique, la diéthylamine. En résumé, notre 
travail de thèse a débouché sur les résultats ci-dessous, qui ouvrent un certain nombre de 
perspectives :     
 
1. Le mécanisme de la réaction d’hydroamination de l’éthylène par l’aniline catalysée par 
PtBr2/Br- a été élucidé par une combinaison d’études expérimentales et théoriques. 
2. De nombreux intermédiaires (y compris nouveaux complexes) et complexes modèles ont été 
synthétisés et étudiés. 
3. Le complexe [PtBr3(C2H4)]- répresente l’état de répos du cycle catalytique. Le cycle 
catalytique implique l'activation de l'éthylène suivie d'une addition nucléophile de l'aniline à 
l'éthylène coordinné, conduisant au complexe zwitterionique [Pt(2-)Br3(CH2CH2N(+)H2Ph)], 
intermédiaire productif. Ce dernier transfère facilement un proton à l'atome de Pt pour 
conduire à [PtHBr3(CH2CH2NHPh)]-, un complexe hydrure de platine(IV) pentacoordiné, 
qui conduit dans l’étape cinétiquement déterminante à une élimination réductrice avec 
formation de la liaison C-H via le complexe σ [PtBr3(k2:C,H-HCH2CH2NHPh)]- et 
régénération du le complexe [PtBr3(C2H4)]- après coordination d’une nouvelle molécule 
d’éthylène. 
4. Un nouveau système catalytique d’hydroamination de l’éthylène par l’aniline catalysée par 
K2PtCl4/NaBr dans l’eau a été proposé et étudié. Dans les perspectives il est planifié de 
chercher des conditions dans lesquelles il sera possible de protéger le platine contre la 
réduction. 
5. Selon les calculs thèoriques l’état de répos du cycle catalytique pour l’hydroamination de 
l’éthylène par la diéthylamine est le complexe trans-PtBr2(HNEt2)2. Selon les calculs, 
l’hydroamination de l’éthylène par la diéthylamine ne doit pas être plus difficile que 
l’hydroamination de l’éthylène par l’aniline, supposant le même chemin réaction réactionnel. 
L’étape cinétiquement déterminante pour l’hydroamination de l’éthylène par la diéthylamine 
est le transfert intramoléculaire du proton. Il est donc envisagé d’étudier expérimentalement  
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la réaction entre l’éthylène, ainsi que d’autres oléfines, et la diéthylamine ou d’autres amines 
basique dans un proche avenir.   
6. Un nouveau système catalytique basé sur PtBr2/nBu4PBr/PPh3 a été mis au point. Ce système 
favorise la réaction tandem d’hydroamination/cyclisation conduisant de l’aniline à la 
quinaldine, transformation puissante et prometteuse qui pourrait permettre de synthétiser un 
grand nombre de composés organiques contenant un cycle pyridinique condensé au système 
aromatique qui porte la function –NH2. Il apparaît très intéressant d’utiliser les phénylènedi- 
et triamines ainsi que des oléfines variées pour synthétiser en un « pot » d’autres 
hétérocycles difficile ou impossible d’accés par ailleurs. L’influence de la nature de l’atome 
d’halogène ainsi que de la nature de la phosphine sera testée prochainement. 
 
 
